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Abstract
Although anaerobic digestion (AD) is a very old and widely accepted sludge
stabilization process, the traditional digestion process is very slow due to the rate limiting
hydrolysis step. The quality of biogas is another major concern, as the presence of volatile sulfur
compounds is detrimental to thermo-catalytic conversion equipment and may generate harmful
emissions. This study investigated the impact of various pretreatment techniques on volatile
sulfur compounds control leading to enhanced anaerobic digestion of municipal waste activated
sludge.
Initially, the effect of combination of mechanical and chemical pretreatment of
municipal waste activated sludge (WAS) prior to anaerobic digestion was studied using a
laboratory-scale sludge pretreatment system with an objective to decrease volatile sulfur
compounds in biogas and digested sludge. Mechanical pretreatment was conducted using
depressurization of WAS through a valve from a batch pretreatment reactor pressurized at 75±1
psi, while combined pretreatments were conducted using six different dosages of hydrogen
peroxide (H2O2) and ferrous chloride (FeC^) along with mechanical pretreatment. About 37%46% removal of H2S in biogas occurred for different combined pretreatment conditions. Sludge
solubilization achieved due to the mechanical pretreatment increased total cumulative methane
production by 8%-10% after 30 days during the biochemical methane potential (BMP) test. The
pretreatment also decreased methyl mercaptan generation potential of the digested sludge.
In the next phase, combined sono-thermal pretreatment was conducted using three
different ultrasound specific energy inputs (1000, 5000, and 10,000 kJ kg'1 TSS’1) and thermal
pretreatment temperatures (50, 70 and 90°C) to enhance the anaerobic digestion of waste
activated sludge. Prior to anaerobic digestion, sono-thermal pretreatments have significantly
iii

improved VSS destruction by 29%-38%. A maximum of 30% increase in methane production
was observed for 30 minutes of thermal pretreatment at 90°C followed by ultrasound
pretreatment at 10,000 kJ kg'1 TSS'1 specific energy input. Sono-thermal pretreatments have
improved the dimethyl sulfide (DMS) removal efficiency from the biogas by 42%-72%, but did
not show further improvement in hydrogen sulfide (H2S) removal compared to ultrasound and
thermal pretreatment alone. Economic analysis has shown that sono-thermal pretreatment
combining 1000 kJ kg^TSS'1 specific energy input and thermal pretreatments at different
temperatures (50-90°C) can reduce the operating costs by $44-66/ton dry solid compared to
conventional anaerobic digestion without any pretreatment.
In the final phase, thermo-oxidative pretreatment of municipal waste activated sludge was
conducted using thermal pretreatment at 60°C in presence of 0.6 mg H2O2+ I .5 mg FeC^/mg S2"
as oxidants with the objective of achieving sludge disintegration for enhancing anaerobic
digestion as well as to remove volatile sulfur compounds generation potential in biogas in
continuous flow anaerobic digestion. For the pretreated feed digester, the hydrogen sulfide (H2S)
and dimethyl sulfide (DMS) concentrations in biogas significantly decreased by average 75%,
and 40%, respectively, while methanethiol (MT) removal efficiency was statistically
insignificant compared to the control digester. Compared to the control, overall TSS and VSS
removal efficiency were 10% and 11% higher for the pretreated feed digester operated at 10 days
solid residence time (SRT), and methane production rate (L CFE/Day) increased by -20%.

Keywords: Pretreatment, Anaerobic Digestion, Biogas, Hydrogen Peroxide, Hydrogen Sulfide,
Iron Salts, Mercaptans, Odor Precursors, Pretreatment, Thermal, Thermo-Oxidative, Ultrasound,
Volatile Sulfur Compounds, Waste Activated Sludge.
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Chapter 1
Introduction

1.1

Background
Nuisance odors released from wastewater treatment plant can adversely affect air

quality of plant as well as the surrounding environment. In the last few years, odor control has
become a primary consideration in the design and implementation of wastewater treatment plants
(WWTP) due to increasing public awareness of odor problems as well as demand for better
living environment (Gostelow et ah, 2008). Nuisance odors from the wastewater treatment
facilities may be generated from both the liquid wastewater treatment train and sludge processing
facilities. Odors emitting from the wastewater treatment facilities generate unwanted civic
reaction preventing expansion of wastewater treatment facilities near residential area.
Biological treatment of wastewater produces a significant amount of sludge, and sludge
processing and management costs around 50%-60% of the overall wastewater treatment costs
(Odegaard, 2004). Anaerobic digestion is a very popular and well established sludge stabilization
process, as it produces renewable energy (methane), and reduces pathogen content and the final
volume of the sludge prior to disposal. Although anaerobic digestion provides many benefits, it
is a slow process requiring large digesters due to the rate-limiting cell hydrolysis step
(Pavlostathis and Gosset, 1986). The quality of biogas is also of major concern, as presence of
volatile sulfur compounds (VSCs) such as hydrogen sulfide (H2 S), and other organosulfur
compounds (methyl mercaptan, dimethyl sulfide, dimethyl disulfide etc.) in biogas may
contribute to corrosion in combustion engines (Rasi et al., 2007).
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Performance of anaerobic digestion process, and odor as well as volatile sulfur
compounds (VSCs) control efficiency can be enhanced through different types of pretreatment
technologies. Although different types of pretreatment technologies are available that can be
used to control the offensive odor as well as to increase the digestibility of sludge in anaerobic
digestion, the comprehensive studies on volatile sulfur compounds and other odor precursors
control are still inadequate. Most of the available odor control technologies were developed
based on only H2 S control. However, H2 S is not solely responsible for odor generation, and an
odor control technology most efficient for H2 S control may not be effective for the removal of
other volatile sulfur compounds and odor precursors such as bound protein and lipid in sludge.
While most pretreatment studies on anaerobic digestion are primarily focused on solids reduction
and biogas productions, very little effort has gone to the fate of odor precursors and VSCs under
pretreatment. This is considered as the major research gap in this area and will be addressed in
this study.
1.2

Research Objectives
This research is primarily focused on the impact of various pretreatment techniques on

volatile sulfur compounds and other odor precursors control in anaerobic digestion of municipal
waste activated sludge (WAS). This research also evaluates the impact of these technologies on
improved sludge stabilization in terms of solids reduction, dewaterability, biogas production, and
economic feasibility of the pretreatment techniques. The specific objectives were:
■ To evaluate the impact of combined pretreatment using mechanical and chemical
pretreatment on volatile sulfur compounds control in batch anaerobic digestion.

2

■ Techno-economic evaluation of sono-thermal pretreatment based on enhanced batch
anaerobic digestion and volatile sulfur compounds control in biogas.
■ To evaluate the impact of thermo-oxidative pretreatment on volatile sulfur compounds
removal in continuous anaerobic digestion.
1.3

Scope of Study

The pretreatment techniques studied in this research project were:
■ Mechanical pretreatment using sludge depressurization from reactor operated at 75±2 psi
pressure.
■ Combined pretreatment using different hydrogen peroxide and iron salt dosages with
mechanical pretreatment.
■ Ultrasound pretreatment using different specific energy inputs (kJ Kg'1TSS'1).
■ Thermal pretreatment using conventional heating at different temperatures (°C).
■ Combined Sono-thermal pretreatment using different sonication specific energy and
pretreatment temperatures.
■ Thermo-oxidative pretreatment at 60°C in presence of hydrogen peroxide and ferrous
chloride.
1.4

Layout of Dissertation
This thesis comprises of six chapters and conforms to the “integrated-article” format as

outlined in the “Thesis Regulation Guide” by the School of Graduate and Postdoctoral Studies
(SGPS) of The University of Western Ontario.
Chapter 2 presents an overview of the available literatures related to this research project.
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Chapter 3 studies the impact of mechanical pretreatment only and mechanical pretreatment
combined with different dosages of hydrogen peroxide and iron salts as an approach to enhance
the volatile sulfur compound removal from biogas and digested sludge.
Chapter 4 presents a comparative study among thermal, ultrasound, and combined sono-thermal
pretreatment for enhanced anaerobic digestion and volatile sulfur compounds removal from
biogas. This chapter also presents an economic evaluation of different pretreatment processes
based on the solids reduction, biogas production, and biogas purification cost compared to
conventional anaerobic digestion without pretreatment.
Chapter 5 presents the impact of thermo-oxidative pretreatment using thermal pretreatment with
hydrogen peroxide and ferrous chloride on volatile sulfur compounds control in continuous
anaerobic digestion. This chapter also presents a BioWin modeling to simulate the impact of
pretreatment on enhanced anaerobic digestion.
Chapter 6 presents the summary of major findings from this research project and
recommendations for future research.
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1.5
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Chapter 2
Literature Review

2.1

Waste Activated Sludge (WAS)
The solids settled out at various points of the wastewater treatment plant such as primary

clarifier, secondary clarifier are known as sludge. Sludge needs further treatment prior to final
disposal or landfilling.

Figure 2.1: Sludge Production in WWTP.
Primary sludge (PS) is essentially raw waste which comes from the bottom of the primary
clarifier or sedimentation basin. In comparison with waste activated sludge (WAS), primary
sludge generally contains more fat and protein and less carbohydrates. Because of this, the gas
yield from primary sludge than that of WAS is higher, but the methane content of the gas is
lower. Primary sludge is easily digestible compared to waste activated sludge. Waste activated
sludge comes from the secondary clarifier. It is a result of overproduction of microorganisms in
the biological treatment processes. The main characteristic of the activated sludge is the
abundance of microorganisms in the sludge, which exist normally in the form of flakes. The cell
6

wall of these microorganisms is composed of various types of organic compounds, which are not
easily biodegradable. This is why WAS is more difficult to digest compared to primary sludge
(PS) (Pavlostathis and Gosset, 1986).
2.2

Anaerobic Digestion of Sludge

2.2.1

Basics of Anaerobic Digestion
Anaerobic Digestion (AD) of sludge can be defined as a multi-step biochemical process

in which organic materials in sludge break down in an oxygen-free environment in presence of
microorganisms. Anaerobic digestion has become a widely used tool for sustainable wastewater
management. The major objectives of anaerobic digestion (AD) are solids stabilization and
biogas production which can be utilized for power generation. The basic steps involved in
anaerobic digestion are hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Figure 2.2).
The anaerobic digestion process begins with the bacterial hydrolysis of insoluble organic
polymers such as carbohydrates and make them available for biological degradation. This step is
considered as the rate limiting step in anaerobic digestion. The second step is acidogenesis, in
which the products of hydrolysis further degrade to form volatile fatty acids (VFAs), ammonia,
hydrogen sulfide, carbon dioxide and other by-proucts. The next step is known as acetogenesis.
In this step acetogenic bacteria convert these organic acids into acetic acid, hydrogen, and carbon
dioxide. The final stage of anaerobic digestion is methanogenesis. In this step methane is
produced by two groups of methanogenic organisms. One group (known as aceticlastic
methanogens) degrades acetate into methane and carbon dioxide, and another group (known as
hydrogen utilizing methanogens) uses hydrogen as electron donor and carbon dioxide as acceptor
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to produce methane (Metcalf & Eddy, 2002; Appels et al., 2008). The basic steps of anaerobic
digestion are shown in Figure 2.2.

|l

C arbohydrates

Lipids

'
M onosaccharide

j

Proteins

'

'

Fatty Acids

Hydrolysis

Am ino Acids

Acidogenesis

I Methanogenesis
Methane
Carbon dioxide

Figure 2.2: The Basic Steps of Anaerobic Digestion.
Anaerobic digestion is a prospective source of renewable energy, as the process produces
methane rich biogas suitable for power generation. However, biogas also contains significant
amounts of undesirable compounds such as hydrogen sulfide, ammonia, mercaptans, siloxanes
etc. Biogas has to be cleaned before it is used as fuel in boilers, combustion engine (Metcalf &
Eddy, 2002). Typical biogas composition and its contaminants concentrations are shown in Table
2.1. Presence of hydrogen sulfide above 100 ppmv requires installation of additional hydrogen
sulfide removal unit (Metcalf & Eddy, 2002).
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Table 2.1: Typical Biogas Composition and Contaminants (Ahrer et al., 2005).

Major compounds (Volume %)

Main contaminants (ppm)

Trace contaminants (mg/m3)

Compounds

Composition

Methane (CH4)

40-70

Carbon-dioxide (CO2)

30-50

Nitrogen (N2)

0 -2 0

Oxygen (0 2)

0-5

Hydrogen Sulfide (H2 S)

0 -2 0 0 0

Mercaptans

0 -1 0 0

Siloxanes

0 -1 0 0

Halogenated hydrocarbon

0 -1 0 0

2.2.2 Advantage and Disadvantages
The major advantages of anaerobic digestion as a waste management process are (Metcalf &
Eddy, 2002; Ward et al., 2008):
■ It can reduce the volume and pathogen content of sludge before landfill.
■ The by-product of digestion can be used as fertilizer.
■ Suitable for high strength wastewater.
Major drawbacks of anaerobic digestion process are (Metcalf & Eddy, 2002):
■ Slow process requiring long residence time and large reactor volumes.
■ Longer start-up time compared to aerobic digestion.
■ Alkali addition may be required to maintain an acceptable pH
■ Produce odors and corrosive gases.
9

2.3

Odorous Compounds in Sludge
Odorous compounds associated with sludge include both inorganic and organic gases,

and vapors.

Most common odorous compounds are produced through the decomposition of

chemical substances containing sulfur and nitrogen. Different chemical compounds associated
with sludge are sulfur, nitrogen compounds, organic acids, aldehydes, and ketones. Volatile
sulfur compounds (VSCs) especially H2 S are considered as the major source of odor. H2S can
also cause severe corrosion problems (EPA, 2000). Most odorous compounds are gas under
normal atmospheric condition. High molecular weight contaminants are less volatile, and thus
their potential of emission to the atmosphere is also lower. Therefore, the chemical substances
with low molecular weight are the most responsible for creating offensive odor (Metcalf & Eddy,
2002; ASCE, 1995). A list of odorous compounds associated with sludge is shown in Table 2.2
(ASCE, 1995).
2.3.1

Production of Volatile Sulfur Compounds
Microorganisms in wastewater degrade proteins, amino acids, and carbohydrates, and

produce odorous sulfur compounds (EPA, 2000). Besides, during anaerobic digestion sulfate
reducing bacteria (SRB) can reduce the dissolved sulfate to dissolved sulfide. The production of
volatile sulfur compounds (VSCs) is considered as the major reason behind the nuisance odors,
as VSCs have low odor threshold concentration. The common VSCs detected in sludge are
hydrogen sulfide (H2 S), methyl mercaptan or methanethiol (MT), dimethyl sulfide (DMS), and
dimethyl disulfide (DMDS) (Higgins et al., 2003; Subramanian et al., 2005, Novak et ah, 2004).
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Table 2.2: Major Volatile Sulfur compounds associated with sludge (ASCE, 1995).
Odorous compound

Odor quality

Chemical formula

Detection threshold
(ppmv)

Allyl Mercaptan

CH2 :CHCH2SH

Disagreeable

0 .0 0 0 1

Amyl Mercaptan

CH3 (CH2)4SH

Unpleasant

0.0003

Benzyl Mercaptan

c 6h 5c h 2sh

Unpleasant, Strong

0 .0 0 0 2

Dimethyl Disulfide

c 2h 6s 2

Putrification, decay

0 .0 0 2

Dimethyl Sulfide

(CH3)2S

Decayed Cabbage

0 .0 0 1

Diphenyl Sulfide

(c 6h 5)2s

Unpleasant

0 .0 0 0 1

Ethyl Mercapthan

c 2 h 5sh

Decayed Cabbage

0.0003

Hydrogen Sulfide

h 2s

Rotten Eggs

0.0005

Methyl Mercapthan

CH4 SH

Decayed Cabbage

0.0005

Phenyl Mercapthan

c 6h 5sh

Garlic

0.0003

Sulfur Dioxide

so 2

Pungent

2.7

2.3.1.1

Protein Degradation
The current literatures on the mechanism of production of VSCs have shown that protein

degradation is closely related to the production of VSCs. Amino acids are the basic structural
building block of proteins, and the production of odor producing VSCs starts with the
degradation of proteins to produce sulfur-containing amino acids such as cysteine, methionine
etc. These sulfur-containing amino acids can produce hydrogen sulfide and MT under anaerobic
conditions. H2 S and MT can be produced from cysteine and methionine, respectively (Higgins,
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2004). The methylation reaction of H2 S can produce MT and DMS according to the following
reaction:
R-O-CH3+ H2 S->R-OH+ CH3-SH

(2.1)

R-O-CH3+ CH3-SH —»R-OH+ H3C-S-CH3

(2.2)

Humic acids in biosolids can be a source of methyl group donor. Subsequently MT can
also produce DMS through methylation reaction (Higgins, 2004):

Proteins-

Protease
enzyme

-» Polypeptides ■

Peptidase
enzyme

->c 3h 6 o 2n s c h 3

Cysteine
Lyase

-»

H2S

(2.3)

Hydrogen Sulphide

Cysteine

Proteins

Protease

Peptidase

enzyme ->Polypeptides

enzyme

->c 4 h 8o 2n s c h 3

Methionine
Lyase

->HSCTT

(2.4)

Methanethiol
Methionine

2.3.1.2

Microbial Sulfate Reduction
Oxidized sulfur compounds such as sulfate, sulfite and thiosulfate can be present in

significant concentrations in wastewater. These compounds can serve as electron acceptors for
sulfate reducing bacteria (SRB) which consume organic acids, and produce sulfide (H2 S).
CH3COOH + S 042‘-+ 2C0 2 + 2H20 + H2S

(2.5)

In anaerobic digestion of wastewater with more than 200 mg S/L, SRB and non-SRB
(acetogens and methanogens) compete for COD and thus SRB can decrease the methane
production (Choi et al., 1997b). The amount of COD used for sulfate reduction is 0.67-.89 g
COD/g sulfate reduced, while the amount of H2S produced per unit of COD used is 0.4 L H2 S/g
COD used at 35°C (Metcalf & Eddy, 2002). Besides, precipitation of trace metals (Fe, Ni and
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Co) by dissolved sulfide (S2') causes nutrient deficiency to methane producing bacteria (MPB)
(Isa and Anderson, 2005).

2.4

Pretreatment for Anaerobic Digestion
Performance of anaerobic digestion process can be enhanced through pretreatment of sludge.

Several pretreatment processes have been used to enhance the anaerobic digestibility. These
techniques can be divided into four major classes:
■ Mechanical Pretreatment: Mechanical shearing, stirred ball mills, ultrasound, steam
explosion etc.
■ Chemical Pretreatment: Hydrogen peroxide, Fenton’s reagent, ozone, acid, alkali, strong
oxidants etc.
■ Thermal Pretreatment: Conventional heating, freeze thaw, microwave etc.
■ Biological Pretreatment: Enzyme treatment
Pretreatment techniques can be used individually or in a combination to obtain desired
quality. It is very difficult to determine the most appropriate technique to select for any given
circumstance. The selection of pretreatment is influenced by sludge type, process operation and
regulation, prices etc. Some common objectives of sludge pretreatment are:
■ Sludge solubilization and solids reduction.
■ Breaking extracellular polymeric substances (EPSs) network.
■ Removing the non-biodegradable or non-digestible materials.
■ Reducing particle size to increase the digestibility.
■ Removing materials which may cause operational problems in digester.
■ Removing offensive odor generating precursors.
13

2.4.1

Evaluation of Sludge Pretreatments
Different parameters are used to evaluate the performance of sludge pretreatment for odor

precursors control and enhanced anaerobic digestibility. The important parameters are (Climent
et al., 2007; Navaneethan et ah, 2007):
■ The soluble chemical oxygen demand (SCOD) is used as a measurement of sludge
disintegration and solubilization. It is a type of chemical evaluation. The increase in
SCOD after pretreatment of sludge is an indicator of sludge disintegration efficiency.
VSS reduction can be also used as a good indicator of sludge disintegration.
■ Increase of biological oxygen demand (BOD) is a measurement of biodegrability of
the solubilized organic matter.
■ Biogas yield is the ultimate indicator of digestion efficiency.
■ Particle size analysis is a type of physical evaluation of sludge. Reduction in particle
size is considered as a measurement of disintegration.
■ Increase in soluble protein concentration can increase the anaerobic digestibility, and
reduction in bound protein can decrease the odor production.
■ Removal of dissolved sulfide may reduce the VSC generation potential in biogas.
■ Odor control can be evaluated by the removal of volatile sulfur compounds in biogas.
2.4.2
2.4.2.1

Sludge Pretreatment Technologies
Chemical Pretreatment

Hydrogen Peroxide: Hydrogen peroxide (H2O2) is one of the strong oxidizing agents capable of
oxidizing a wide variety of chemicals such as sulphites, hypochlorites, nitrites, chlorine,
aldehydes, alcohols, amines, azocompounds, phenols, cyanides, sulfides, and metals. For many
14

years hydrogen peroxide has been used to reduce BOD, and COD in the wastewater (Mohamed,
2006). Hydrogen peroxide can also act as a corrosion controller by oxidizing H2 S, which form
highly corrosive sulfuric acid. H2O2 oxidation alone is not effective for high concentrations of
certain refractory contaminants due to the low rates of reaction at reasonable H2O2
concentrations. Different types of catalysts such as transition metal salts (e.g. iron salts), ozone,
and UV radiation can activate H2O2 to form hydroxyl radicals which are strong oxidants (Neyens
et al., 2003). Depending on the pH of wastewater, hydrogen peroxide can chemically oxidize
H2 S according to the following equation (ASCE, 1995):
H2S+H2O2—>S+2H20

(pH<8.5)

(2.5)

H2 S+4H202—>S042' +2H20

(pH >8.5)

(2.6)

The reaction of H2O2 and H2S is very rapid, and 90% H2O2 is consumed within 10 to 15
minutes (ASCE, 1995). Cacho et al. (2006a) have investigated the effect of different H2O2
dosages (0.5, 1 .0 ,

2 .0

g H20 2 /g

V S S j nfiUent)

on anaerobic digestion of a mixture of primary and

waste activated sludge. A maximum of 15.2% increase in solid destruction efficiency compared
to the control as well as Class A biosolids was achieved with a dosage of 2 . 0 g ^ ( V g

V S S mfluent-

However, the authors did not look at the volatile sulfur compounds in biogas for various H2O2
dosages.
Hydrogen Peroxide with Iron Salts: Different studies have shown that in the presence of iron
salts hydrogen peroxide can enhance biogas production along with odor control. In the field of
iron catalyzed peroxidation, Fenton Reagent can be considered as the most widely used treatment
approach (Neyens et al., 2003; Erden and Filibeli, 2010). Although Fenton’s reagent has shown
significant positive impact on sludge solubulizition as well as anaerobic digestion, the major
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limitation of using this reagent is that the wastewater to be treated must be acidic (pH 3.00-5.00).
Therefore, the pH of pretreated wastewater must be adjusted to the optimum pH of 6 .5-7.5 before
anaerobic digestion. Another disadvantage is that Fenton pretreatment led to an increase in H2S
and carbon monoxide (CO) in biogas compared to untreated sludge (Erden and Filibeli, 2010).
Due to these limitations, wastewater industries are moving towards different approaches. US
Peroxide has developed a novel odor and corrosion control technology that combines iron salts
with hydrogen peroxide, known as Peroxide Regenerated Iron Sulfide Control (PRI-SCIM)
(Walton et al., 2003). The conceptual basis of PRI-SC™ is to use the iron for primary sulfide
control, and use the H2O2 to regenerate the iron from FeS. This technology has been
implemented in different wastewater treatment plants in USA. Along with dissolved sulfide,
hydrogen sulfide, and mercaptans removal the use of this technology provided some additional
benefits such as solid recovery, reducing polymer dosages. Studies based on the full scale trial of
this technology have shown significant improvement in biogas production (Walton et al., 2003;
Winter et al., 2006; Watson et al., 2007). However, the reason behind the improvement was not
clearly explained. Further comprehensive studies should be devoted to investigate the
fundamental behind the reactions.
Ozone: Ozone is a strong oxidizing agent capable of destroying the cell walls of microorganisms
and oxidizing them to organic substances. It can react in two different ways- direct, and indirect
reaction by hydroxyl radical generated by ozone decomposition. Both reactions occur
simultaneously. The indirect reaction is based on the high reactivity of hydroxyl radicals, which
do not react specifically. On the other hand, the direct reaction rate with ozone depends more on
the structure of the reactants. The major objective of using ozonation as a sludge pretreatment
process is to cause the hydrolysis and partial oxidation of the organic matter. This is why
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complete oxidation is avoided (Carballa et al., 2007).The major advantages of this pretreatment
process are (Carballa et al., 2007; Weemaes et al., 2000; Bougrier et al., 2007):
■ Particulate materials are solubilised
■ Increase in biodegradability and settleability
■ Cell membranes are destroyed
* Reduce odor and viscosity
■ Increase soluble organic matter removal efficiency during anaerobic digestion.
However, ozone pretreatment has some disadvantages. Carballa et al. (2007) found that
the dewatering properties of sludge deteriorated due to ozonation. The range of input ozone
dosage used in different studies is 0.04 to 1.2 g (V g TSS. Bougrier et al. (2007) found that the
optimal ozone dose for biogas production was 0.15 g O3’ 1 g TS'1, which increased biogas
production through anaerobic digestion by 2.4 times over the untreated control.
ozone dose concentration from 0.015-0.18 g

0 3 /g

Increasing

TS caused a reduction in pH from 6.7 to 5.1

indicating that ozone causes the oxidation of organic matter into more oxygenated molecules,
such as carboxylic acids (Bougrier et al., 2007). Such pH drop may inhibit methanogenic
activity.
2.4.2.2

Mechanical Pretreatment

High Pressure: Mechanical pretreatment of sludge to enhance hydrolysis rate is based on the
microbial cell disruption by shear stresses. Commonly used mechanical pretreatment techniques
are ultrasound, mechanical jet, high pressure homogenizer, mechanical ball mill etc (Nah et al.,
2000; Baier and Schmidheiny, 1997; Tiehm et al., 2001). Choi et al. (1997a) have conducted a
bench scale study on mechanical pretreatment of WAS. In this study bacteria in WAS were
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ruptured by mechanical jet and smashed under pressurized condition. Sludge was released from
high pressures ranging from 5 to 50 bar to atmospheric pressure instantly being jetted and
smashed against a collision-plate. The solubilization efficiency has been evaluated based on cell
rupture ratio (soluble protein concentration/maximum soluble protein concentration* 100). Due to
pretreatment SCOD increased from 152 mg/L to 990 mg/L and 1250mg/L for 30 and 50 bar,
respectively; while soluble protein increased from 75 mg/L to 290 mg/L and 320mg/L for 30 and
50 bar pressure, respectively. Volatile solids (VS) removal efficiencies were 13-50% for sludge
pretreated at 30 bar, while for raw untreated sludge VS removal efficiencies were 2-35% for
2-26 day retention time. This pretreatment also improved the H2 S removal efficiency compared
to raw untreated WAS (Choi et al., 1997b). As a continuation of research by Choi et al. (1997a)
this treatment approach was applied in pilot scale by Nah et al. (2000). Pretreatment of WAS
using 30 bar pressure allowed a decrease in the anaerobic digester SRT from 13 to

6

days,

without major effects on the process performance (gas production, VS reduction) and effluent
quality. In recent years, MicrosludgeIMhas become very popular as a mechanical pretreatment
technique of WAS for enhanced anaerobic digestion. This technology uses 12,000 psi pressure
with sodium hydroxide addition to solubilise waste activated sludge (Stephenson et al., 2005).
Novak et al. (2007) have shown that MicroSludge™ reduced the odor of co-digested residuals by
more than 50%. Although different mechanical pretreatments have shown significant impact on
biogas production enhancement, the major challenge of using mechanical pretreatment is high
energy requirement.
Ultrasound: Ultrasound is a widely reported mechanical sludge hydrolysis technique (Bougrier
et al.; 2005; Aldin et al., 2010; Climent et al., 2007; Elbeshbishy et al., 2011; Khanal et al.,
2006). Ultrasound is generated by a transducer in the ultrasonic device that converts mechanical
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or electrical energy into sound energy. Low frequency ultrasound, between 20-400 kHz
generates a alternating cycles of compression and rarefaction in the medium, and results in the
formation and collapse of bubbles or voids, a process known as cavitation, which can cause
significant physical and chemical changes in a liquid. Cavitation plays a very important role
when applying ultrasound to sludge, as it generates high mechanical shear stress. In these
extreme local conditions, OH, HO2, H radicals and hydrogen peroxide can be formed. Cell
disintegration is proportional to supplied energy (Bougrier et ah; 2005). The potential benefits of
using ultrasound for sludge pretreatment are:
■ Increase sludge destruction rates
■ Disrupt large organic particles into smaller-size particles
■ Increased biogas production and solids reduction
■ Increase dewaterability
■ Improve digester operation and stability

Different studies done on ultrasound pretreatment of WAS at specific energies (SE)
ranging from 1000 to 10,0000 kJ kg' 1 TS' 1 have shown increasing biogas production up to 40%.
Low ultrasound energy input (<1000 kJ kg' 1 TS'1) has been identified as cost effective for
enhancing biogas production in anaerobic digestion (Aldin et al., 2010; Climent et al., 2007;
Elbeshbishy et al., 2011). Bougrier et al. (2005) have reported 6951 kJ kg"1 TS' 1 as the optimum
specific energy input for increasing biogas production of WAS with 2% TS.
Elbeshbishy et al. (2010) have reported reduction in H2S concentration in biogas from
988 to 566 ppm for continuous anaerobic digestion of sonicated hog manure at SE of 500 kJ/kg
TS. Specific oxygen uptake rate (SOUR) is a good indicator of odor-generating potential of
sludges. Khanal et al. (2006) have reported that the increase in sonication time can decrease the
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SOUR of WAS, and the lower SOUR indicates that ultrasound can reduce the odor generation
potential of digested sludge.
2.4.2.3

Thermal Pretreatment
Many studies were conducted on thermal pretreatment, at temperatures ranging from 50

to 270°C, although the most common pre-treatment temperatures are between 50 and 180°C.
Temperatures above 200°C have been found responsible for refractory or toxic compound
formation such as dioxin (Stuckey and McCarty, 1984). Pre-treatment applied at temperatures
below 100°C is considered as low temperature thermal pre-treatment, which is shown to be
effective in increasing biogas production in anaerobic digestion (Chinent et al., 2007; Gavala et
al., 2003). While thermal pretreatments have been conducted for various duration ranging from
15-60 minutes, treatment time appeared to have less effect on anaerobic digestion compared to
that of temperature (Valo et al., 2004; Li and Noike, 1992). Hiroka et al. (1985) have reported
60°C as optimum thermal pretreatment temperature among three thermal pretreatment
temperatures of 60, 80 and 100°C. On the other hand, Wang et al. (1997) have reported no
significant differences in 60, 80 and 90°C for methane production in continuous mesophilic
anaerobic digestion, although 60°C was slightly better for methane production rate compared to
80 and 90°C; while Galava et al. (2003) have reported 70°C is better for anaerobic digestion of
WAS compared to primary sludge.
2.4.2.4

Thermo-Oxidative Co-treatment
Eskicioglu et al. (2008) have done a thermo-oxidative pretreatment of sewage sludge by

microwave irradiation in presence of H2O2 . In the aforementioned, study thickened WAS was
pretreated with 1 g LbCVg TS in a temperature range of 60-120°C. Biochemical methane
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potential (BMP) tests using pretreated sludge showed that only microwave pretreatment at 100°C
provided a 29% increase in methane yield (ml CHVg VS added) compared to the control, while
in presence of H2O2 the methane yield decreased by 25% due to the refractory formation.
Cacho and Suidan (2006) have investigated the impact of thermo-oxidative treatment of
excess municipal sludge placed in two 5-day-SRT anaerobic digesters. In the first phase, sludge
has been pretreated at two temperatures 65°C and 90°C at 1.0 g F^CVg VSS influent. Compared
to the control, the overall VSS reduction increased by 24.9% and 33.5% for sludge pretreated at
60°C and 90°C respectively. In second phase the pretreatment was conducted at 90°C for three
different dosages of H2 O2 (0.5, 0.25, and 0.1 g FhCVg VSS influent). For the 0.50, 0.25, and
0.10 g F^CVg VSS influent dosages, the overall VSS removals were 71.6%, 64.9%, and 59.9%,
respectively.
2.5

Biogas Purification Technologies
One of the biggest factors limiting the use of biogas is presence of volatile sulfur

compounds, as they are very corrosive and toxic. Besides, they may generate harmful
environmental emissions. Therefore, the removal of these VSCs is very important for utilization
of digester gas. Different types of biogas purification processes can be used to remove the VSCs,
and purification processes can be divided into two categories:
■ Physicochemical process
■ Biological process
2.5.1

Physicochemical Process
Volatile sulfur compounds in biogas can be removed by several physicochemical

processes such as adsorption, chemical scrubbing etc. In adsorption, the odorous gases are passed
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over a bed of adsorbent (activated carbon). For economical operation the activated carbon can be
regenerated using heat (Metcalf & Eddy, 2002). Activated alumina can be also used for the
control of odor, and use of activated alumina is also cost effective (Koe and Tan, 1987). In wet
scrubbing, the odorous gases can be passed through the scrubbing tower. Different types of wet
scrubbers such as spray chamber, crossflow scrubber, counter current spray column can be used
for odor removal. Different types of biological or chemical agent are used in this process. The
efficiency of wet scrubbing for the removal of most odorous chemical substances is above 90%
(Gao et al., 2001). Physicochemical processes are very expensive due to the chemical
requirement and energy and waste disposal cost (Syed et al., 2006).
2.5.2

Biological Process
Biological sulfide removal processes can be used to overcome the disadvantages of

physicochemical processes. Biological treatment processes have become the most promising
techniques for sulfide control due to the following reasons:
■ Low energy cost.
■ Low capital investment.
■ Higher efficiency and environmentally friendly.
■ H2 S can be converted to S° that can be used as fertilizer.
■ S° can be separated easily from the biomass.
Different technologies used for biological sulfide removal are biofilter, bioscrubber, and
biotrickling filter (Ahrer et al., 2005). In biological processes, sulfides are oxidized by naturally
occurring phototrophic and chemotropic thiobacteria. Biological processes are not commercially
popular yet compared to physicochemical process.
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2.6

Sulfate Reducing Bacteria (SRB) inhibitors
Another technique reported in literature for VSCs control in anaerobic digestion is the

control of sulfate reduction (sulfide production) through selective inhibition of sulfate reducing
bacteria (SRB). Different types of inhibitors (molybdate, chromate, tungstate, selenate, nitrite
etc.) have been used for sulfate reduction control (Patidar and Tare, 2005; Isa and Anderson,
2005). Molybdate (M0 O42') is the most widely used SRB inhibitor ranging from 0.2 to 200 mM
dosages. Although molybdate is a nutrient for methane producing bacteria (MPB), impact of
molybdate on biogas production is still controversial. Few studies have reported chronic
inhibition of MPB in the presence of molybdate (Isa and Anderson, 2005; Patidar and Tare,
2005). On the other hand, Tanaka and Lee (1997) have reported that continuous addition of
molybdate above 3 mM or more is effective for SRB inhibition as well as enhanced biogas
production. Patidar and Tare (2005) have reported that the required dosage for effective SRB
inhibition depends on various factors such as characteristic of biomass, sulfate concentration,
COD/SO42' etc. Taylor and Oremland (1979) have reported a relative ranking among different
SRB inhibitors, and based on the effectiveness for sulfate reduction control the order was:
Cr042’ > Mo042'= W042'> Se042'
Most of the available studies on SRB inhibitors have focused on the impact of SRB
inhibitors on sulfate reduction control and methanogenic activity, and information on H2S and
mercaptans removal are very limited.

23

2.7

Conclusions
Pretreatment of sludge for enhanced anaerobic digestibility is not a new field of research.

Although a good number of publications are available on pretreatment of sludge for anaerobic
digestion, most of them emphasized only solids reduction and improvement in biogas
production. Only a few of them looked at the odor precursors as well as VSCs removal due to the
pretreatment. Most of the studies reported only H2 S removal efficiency. However, none of these
pretreatment technologies were able to remove volatile sulfur compounds to below detection
limits, and biogas should be cleaned using various biogas purification methods for further use.
Besides, H2S is not solely responsible for odor generation. A pretreatment technology most
efficient for H2S control may not be efficient for the removal of other odor precursors in sludge.
Therefore, H2S control should not be the only evaluation criterion for any odor control
technology. This can be considered as a major research gap in this area. Different treatment
technologies have shown enormous potential in odor control along with enhanced anaerobic
digestibility in laboratory scale studies. For full scale application of these pretreatment
technologies pilot scale investigation and economic feasibility studies should be done.
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Chapter 3
Combined Pretreatment of Municipal Waste Activated Sludge for Volatile
Sulfur Compounds Control in Anaerobic Digestion1

3.1

Introduction
Anaerobic digestion of waste activated sludge (WAS) is difficult compared to primary

sludge due to the rate limiting cell hydrolysis step (Pavlostathis and Gosset, 1986). Various
techniques including chemical, thermal, and mechanical pre-treatments have been reported in
literature for sludge solubilization through cell disruption and making the organic matters
available for microbial consumption. Among various chemical treatments, although iron salts
and hydrogen peroxide have been used for sludge pretreatment previously, their impacts on
anaerobic digestion remain controversial producing conflicting results. For example, while
Eskicioglu et al. (2008) have reported 25% reduction in methane yield for thickened WAS
treated with hydrogen peroxide (H2O2), Cacho Rivero et al. (2006) have observed a slight
enhancement in biogas production for H2O2 treated sludge. Different studies have reported poor
digestibility for iron dosed sludge (Smith and Carliell-Marquet, 2008; Ghyoot and Verstraete,
1997; Jack et al., 1976). On the other hand, Lee and Shoda (2008) have reported that iron rich
sludge can enhance anaerobic digestion. Although the combination of H2O2 and iron salts (also
known as Fenton’s reagent) has shown significant positive impact on sludge solubulisition as
well as anaerobic digestion (Erden and Filibeli, 2010), the wastewater to be treated must be
acidic (pH 3.00-5.00), and therefore, the pH of pretreated wastewater must be adjusted to the
optimum pH of 6 .5-7.5 before anaerobic digestion.
1A version of this chapter has been published in Bioresource Technology 2011, 102, 3776-3782.
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Mechanical pretreatment of sludge to enhance hydrolysis rate is based on the microbial
cell disruption by shear stresses. Commonly used mechanical pretreatment techniques are
ultrasound, mechanical jet, high pressure homogenizer, mechanical ball mill etc (Nah et al.,
2000; Baier and Schmidheiny, 1997; Tiehm et ah, 2001). Although different mechanical
pretreatments have shown significant impact on biogas production enhancement, the major
challenge of using mechanical pretreatment is high energy requirement. For example.
Microsludge1Muses 12,000 psi pressure to solubilise waste activated sludge (Stephenson et ah,
2005).
The production of volatile sulfur compounds (VSCs) such as hydrogen sulfide (H2 S),
mercaptans etc. with low odor threshold concentrations is considered as the major reason behind
the nuisance odors in anaerobically digested sludges. Hydrogen sulfide (H2 S) in biogas is also
undesirable, as it is a very toxic and corrosive gas. Physical and chemical processes used for
removal of H2S from biogas are very expensive (Ahammad et ah, 2008). The common VSCs
detected in sludge are hydrogen sulfide (H2 S), methyl mercaptan or methanethiol (MT), dimethyl
sulfide (DMS), and dimethyl disulfide (DMDS) (ASCE, 1995). Recent studies have shown that
the degradation of protein containing amino acids such as cysteine, methionine is closely related
to the production of VSCs (Higgins et ah, 2004). Lipids (fat, oil and grease) in sludge are also
known as responsible for odor generation (Shin-Ichi et ah, 1991). Based on the extensive
literature search, it can be concluded that the majority of pretreatment studies focused primarily
on sludge solubilization and enhancement of anaerobic digestibility, and very little effort has
gone to the fate of odor precursors and VSCs under pretreatment.
In light of the above literature, this study attempts to systematically and comprehensively
evaluate the impact of pretreatment on WAS prior to anaerobic digestion using a laboratory scale
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system combining mechanical and chemical (H2O2 and iron salt) pretreatments. The efficiency of
different pretreatment conditions is evaluated in terms of (a) sludge solubilization, (b) biogas
production by biochemical methane potential (BMP) test, (c) impact on different odor precursors
such as dissolved sulfide, bound protein, and lipid after pretreatment, (d) H2S control in biogas,
and mercaptan generation potential of digested sludge, and (f) dewaterability of digested sludge.

1.2

Material and Methods

3.2.1

Waste Activated Sludge (WAS)
Waste activated sludge (WAS) samples for this study were collected from the Adelaide

Pollution Control Plant located in London, Ontario, Canada. After thickening, the sludge was
stored in a cold room at 4°C. The characteristics of the WAS were analyzed before the
experiments and are presented in Table 3.1.
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Table 3.1: Characteristics of WAS.
Parameter

Concentration (A±B)

TCOD (mg/L)

14705Ü23

SCOD (mg/L)

917±22

TBOD (mg/L)

3819±81

SBOD (mg/L)

451±24

TSS (mg/L)

11880±56

VSS (mg/L)

8730Ü56

Total VFA1 (as mg COD/L)

92±3

Lipid (mg/L)

195±7

Dissolved Sulfide (mg/L)

17.5

Total Protein (mg/L)

1174±16

Bound Protein (mg/L)

498Ü.79

Soluble Protein (mg/L)

84.5±2.98

Sulfate (mg/L)

20.84±0.46

Ammonia (mg/L)

68±2

Total Nitrogen (mg/L)

1126±26

pH

6.1-6.26

Alkalinity (mg/Las CaCCL)

767±19

'Summation of acetic acid, propionic, butyric, iso-butyric, valeric, and isovaleric acids
A=Arithmetic mean of duplicate measurement; B=Absolute difference between mean and duplicate measurement
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3.2.2

Pretreatment Conditions
The pretreatment of waste activated sludge was done using a laboratory scale sludge

pretreatment reactor of volume 12L. For mechanical pretreatment (MP), 10L of sludge was
pumped from sludge feed tank to the pretreatment reactor using a metering pump (LMI Milton
Roy, Model A151-192C, Liquid Metronics Inc., MA 01720 USA) until the pressure of the
reactor reached 75±1 psi. The time required to reach 75±1 psi pressure was 20 minutes. Then
after 30 minutes residence time the pressure of the sludge was released to atmospheric pressure
(14.7 psi) through the sludge depressurization valve. For combined pretreatment (CP), different
dosages of hydrogen peroxide (H2O2) and iron salts were used. Hydrogen peroxide was added as
50wt% H2O2 (HX0630-1, EMD Chemicals Inc., Germany), and iron was added as Fe (II)
Chloride (98% purity, Sigma Aldrich, Oakville, ON, Canada). The dosages were used based on
theoretical requirement of the chemical dosages for dissolved sulfide (S ') removal in untreated
sludge. The theoretical requirements of H2O2 and FeC^ to remove 1 mg dissolved sulfide (S ')
are 0.6 mg and 1.5 mg, respectively (Walton et al., 2003). Chemicals were added to the sludge
feed tank and allowed to mix for 30 minutes. After mixing, the chemically pretreated sludge was
pumped to the pretreatment reactor for mechanical pretreatment. For this study, a total of seven
sets of experiments were carried out, each with duplicates. Different pretreatment conditions are
summarized in Table 3.2.
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Table 3.2: Summary of Pretreatment Conditions.
Set

Chemical Dosages
--------------------------------------------^---------------------------------—
--------------^

3.2.3

mg of H2O2/ mg dissolved S '

mg of FeCV mg dissolved S '

Control

-

-

MP

-

-

CP 1

0 .6

1.5

CP 2

1.5

1.5

CP 3

0 .6

3

CP 4

1.5

2.5

CP 5

2

2.5

CP 6

2

3

Biochemical Methane Potential (BMP) Test
To assess the effect of different pretreatment conditions on anaerobic digestibility, the

treated waste activated sludge was used for biochemical methane potential (BMP) tests using
300 mL serum bottles. Anaerobic digested seed was collected from the St. Marys wastewater
treatment plant, Ontario, Canada. The TCOD, SCOD, TSS and

V SS

concentrations of anaerobic

seed were 16540, 1742, 12350, and 9455 mg/L, respectively. The volumes of WAS (substrate)
and anaerobic seed based on initial food (COD of substrate) to microorganism
ratio (F/M) of 2 (mg of

C O D substrate/m g

of

V S S anaerobic seed),

(V S S

were 140 mL and

of seed)
110

mL,

respectively. For the control, the treated WAS (substrate) was replaced by raw untreated WAS.
Blank tests containing only seed and deionizd water were used to determine the methane
production resulting from the anaerobic seed alone. An alkalinity of 5000 mg/L as CaCCL was
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maintained by using lg of NaHCC>3 in each serum bottle. After purging with nitrogen, the serum
bottles were sealed with rubber septa and agitated in the shaker (MaxQ 4000, incubator and
refrigerated shaker, Thermo Scientific, Fremont, CA) at 180 rpm, at the mesophilic temperature
of 37±1°C. The BMP test was conducted for about 30 days until the biogas production stopped.
Produced biogas volume and methane composition were monitored on a regular basis.

3.2.4

Analytical Methods
All water quality parameters were analyzed according to the Standard Methods (APHA,

1998). Soluble parameters were analyzed after filtering the sludge sample through 0.45 pm
membrane filter. HACH vials were used to measure chemical oxygen demand (COD), total
nitrogen (Total-N), ammonia. As remaining H2O2 in sludge sample interfere with the COD
measurement (Kang et al., 1999), residual hydrogen peroxide concentrations were measured
using Quantofix peroxide test strips (Sigma Aldrich Canada, C9322) to ensure the accuracy of
the COD measurement. Dewaterability of digested sludge was measured using the time-to-filter
(TTF) method (APHA, 1998).
The concentrations of volatile fatty acids (VFAs) were analyzed using a gas
chromatograph (Model Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization
detector (FID) equipped with a fused silica column (30 m

x

0.32 mm). Helium was used as the

carrier gas at a flow rate of 5 mL/min. The temperatures of the column and detector were 110
and 250°C, respectively.
Total dissolved sulfide (S2") was analyzed by the iodometric titration method (APHA,
1998), and dissolved sulfate (SO 4 2') was analyzed using ion chromatograph (Model Dionex ICS3000). H2 S in biogas was measured using the Odalog (Model Odalog type I, App-Tek
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International Pty Ltd, Brendale 4500, Australia) with a detection range of 0-1000 ppm. Methyl
mercaptan was measured in headspace of serum bottles using Gastec gas sampling pump (Model
GV-100, GASTEC Corporation, Japan) and Gastec detector tubes (No. 70L, measuring range
0.1-8 ppm).

The DMS was measured in gas sample using gas chromatograph (GC 2010,

Shimadzu) with flame photometric detector (FPD) equipped with BPX-5 column (5% Phenyl
Polysilphenylene-siloxane) type capillary column (30 m x 0.25 m i.d. x 0.25 um thickness)
obtained from SGE (Austin, TX). Helium was used as the carrier gas at a flow rate of 4 mL/min.
The temperatures of the column and injection were 60 and 250°C, respectively. The temperature
of FPD was 250°C. The flow rates of hydrogen and air were 60 and 70 ml/min respectively.
Protein fractions were determined by micro-bicinchoninic acid protein assay (Pierce,
Rockford, USA). This method modified by Lowry et al. (1951), uses standard solution of bovine
serum albumin. In order to measure various protein fractions, 50 mL samples were centrifuged at
10000 rpm for 15 minutes at 5°C to separate the solids in the sludge. The supernatant was filtered
through a 1.5 pm glass microfiber filter and the filtrate was analyzed for the soluble protein
fraction. Total protein and bound protein fractions were extracted from the suspended solids by
using 1 N NaOH solution and phosphate buffer (pH 8 , 50 mM), respectively. The solution was
mixed using a magnetic stirrer at 1500 rpm for 10 minutes and 30 minutes for bound and total
protein, respectively, and then centrifuged at 10000 rpm for 15 minutes at 5°C, with the centrate
filtered through a 1.5 pm glass microfiber filter, prior to protein analysis. Cell protein was
calculated from the difference between total and bound protein. Lipid concentrations were
measured gravimetrically after extraction using hexane (Bougrier et al., 2007).
The biogas production was determined by injecting a gas syringe (Perfektum; Popper &
Sons Inc., NY, USA) in the headspace to equilibrate with the ambient pressure as recommended
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by Owen et al. (1979). For biogas composition analysis, 0.5 ml sample was collected using 1 ml
syringe (Hamilton, Reno, Nevada, USA), and methane composition was measured using SRI
310C Gas Chromatograph (Model 310, SRI Instruments, Torrance, CA) equipped with a thermal
conductivity detector (TCD) and a molecular sieve column (Molesieve 5A, mesh 80/100, 182.88
x 0.3175 cm). The temperatures of the column and the TCD detector were 90 and 105°C,
respectively. Argon was used as carrier gas at a flow rate of 30 mL/min.
3.2.5

Kinetics of Anaerobic Digestion
A kinetic study was done using the BMP test results. To compare the anaerobic

biodegradation rates for all pretreated samples with control, initial organic loadings were
adjusted to 3.87 g of COD in each BMP assay and then daily biogas production was monitored.
Anaerobic digestion process is usually expressed as first-order reaction (Eskicioglu et al., 2006):

(3.1)

rs» = f t = -k C

Where,
rsu =

substrate utilization rate (mg COD/L-d) of anaerobic digester

C = amount of substrate (mg COD/L)

k =

anaerobic degradation rate constant (day'1)

Integration and rearrangement of Eq. (3.1) gives the following equation:

n = lu (1 - e - kt)

(3.2)

Where,
Yt = amount of substrate removed at time t (mg of COD/L)
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Lu = ultimate biodegradable substrate (mg of COD/L)
t = digestion time (day)
To do the kinetic study the amount of substrate (mg of COD) consumed with respect to
time was calculated from the daily biogas production of BMP assays. The anaerobic first-order
biodegradation rate constant, k (day1) was calculated for all samples. The Newton-Raphson (N
R) nonlinear estimation method was used to estimate the equation coefficients. The N-R method
was programmed using Visual Basic Application Language in MS Excel 2007.
3.2.6

Statistical Analysis
The daily H2 S concentration (ppm) in biogas for different pretreatment conditions was

analyzed statistically. The analysis of variance (ANOVA) method was used to test the null
hypothesis at the 95% confidence level. Fisher's least significant difference (LSD) method was
also used to test pairwise comparisons of the several treatment groups. Statistical analyses were
performed using MINITAB statistical software release 15 (Minitab Inc., State College, PA,
USA).
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3.3
3.3.1

Results & Discussions
Sludge Solubilization
Table 3.3 shows the impact of different pretreatments on sludge solubilization. After all

pretreatments, TCOD and total volatile fatty acids (TVFAs) remained almost constant compared
to the control (untreated sludge). As expected, mechanical pretreatment led to sludge
solubilization through depressurization of sludge from the pretreatment reactor operated at 75±1
psi. Due to the mechanical pretreatment, SCOD concentration in pretreated sludge increased by
20±2% compared to raw WAS, while VSS concentration decreased by 11%. Protein content in
sludge is generally divided into three different fractions: cell, bound and soluble (Dimock and
Morgenroth, 2006). The cell protein represents the protein fraction inside the microbial cell, and
the bound protein is the loosely attached protein to the bacterial cell wall, while the soluble
protein represents protein in the aqueous phase of sludge. As shown in Table 3, mechanical
pretreatment has shown significant impact on protein solubilization. After mechanical
pretreatment, cell and bound protein decreased by

2 0 %,

and 6 %, respectively, while soluble

protein increased by 72% relative to control. Mechanical pretreatment has also shown significant
impact on lipid solubilization; after mechanical pretreatment, lipid concentrations decreased by
on average 46%. The results suggest that along with sludge solubilization, mechanical
pretreatment through sludge depressurization can decrease the odor generation potential of
sludge by reducing bound protein and lipids prior to anaerobic digestion. However, for different
sets of combined pretreatment i.e. different chemical doses with mechanical pretreatment, no
further improvement in sludge solubilization occurred compared to mechanical pretreatment
alone. The reason behind this observation is the selection of chemical dosages. In this study,
chemical dosages were used based on dissolved sulfide (S2‘) concentration. The results for
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combined treatment suggest that chemical dosages used in combined pretreatment conditions
were not sufficient to provide further solubilization.

However, all pretreated samples were

analyzed to determine the impact on other parameters (Table 3.3).
Table 3.3: Impact of different pretreatments on sludge solubilization.

Set

SCOD

VSS

Lipid

(mg/L)

(mg/L)

(mg/L)

Protein Fractions
Cell

Bound

Soluble

(mg/L)

(mg/L)

(mg/L)

MP

1095±14

7750±14

105±4

538±89

468±17

146±4

CP 1

1160±113

7760±28

120±7

542±82

473±1

145±19

CP 2

1080±7

7880±113

115±14

574±30

465±9

146±7

CP 3

1000±64

7790±156

125±7

581±7

441±13

154±3

CP 4

1085Ü06

7840Ü70

108±5

556±5

459±9

138±4

CP 5

113 8 =t 110

7940±113

120±7

601±35

470±8

147±13

CP 6

1008±25

8000±57

108±7

604±9

469±5

142±3

3.3.2

Biogas Production
The summary of BMP test results are presented in Table 3.4. Biogas production rates (ml

of CH4 produced/h) were calculated for first 35 hours of BMP test which indicated a considerable
increase of about 28%±5% for all pretreated samples due to increased sludge solubilization
through mechanical pretreatment. After 30 days of digestion, cumulative methane volume was
8 %-10%

higher for all pretreatment conditions compared to the control test. The average
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methane content of the biogas for all samples was around 50% (by volume). For this experiment
methane yield was calculated based on the initial and final COD (g) of BMP assays. The
theoretical methane yield at 37°C (390 ml CHVg of CODrem0ved) agrees with observed yields
ranging from 345 to 363 ml CHVg of CODremoVed> with the slight differences attributed to
biomass synthesis and COD consumption by sulfate reducing bacteria (SRB). A marginal
improvement for anaerobic biodegradation kinetics was observed for all pretreated samples
compared to the control. As shown in Table 3.4, compared to control the anaerobic
biodegradation rate, k (day'1) increased by 11%±4% for all pretreated samples. The co-efficient
of correlation, R2 was 0.999 for all cases.
It is well known that sludge solubilization enhances biogas production in anaerobic
digestion, though the relation between enhancement in biogas and sludge solubilization is not
linear. As discussed before, several studies have reported negative impact on anaerobic
digestibility due to the refractory formation after chemical pretreatment, despite significant
increase in SCOD observed (Eskicioglu et al., 2008). In this study, addition of different chemical
dosages in combined pretreatment did not show any further enhancement of biogas production
compared to mechanical pretreatment alone, and there was no significant difference in biogas
production between mechanical and combined pretreatments. The results of the BMP test
suggest that only mechanical pretreatment had an impact on biogas production. The results also
suggest that chemical dosages used in combined pretreatment did not form any refractory
compounds that can adversely impact anaerobic digestibility. Besides, the translation of COD
solubilization into biogas observed in this study is comparable to the other pretreatment studies
reported in literature. Ivo and Jing (2009) have reported around 8 % improvement in methane
production for SCOD increase up to -27% after thermal pretreatment. In light of the minimal
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differences between mechanical and combined pretreatments, mechanical pretreatment through
depressurization can be considered as a good technique to enhance biogas production through
moderate solubilization at a minimum cost.
Table 3.4: Summary of BMP Test Results.
Set

Initial

Total

Average

Specific

Methane

Anaerobic

Biogas

Cumulative

Biogas

Methane

Yield

Biodegradation

Production

Methane

rate 1

(ml)

Composition Production
(C H 4 % )

(ml of

(ml C H 4/g

(ml CH4/g
CODremoved)

Rate, k
(day1)

V SSadded)

CFLtproduced/h)

Control

47±5

436±9

49

226±4

345±6

0.14

MP

60±3

469±5

49

251±1

360±3

0.16

CP 1

58±1

473±1

50

258±1

363±0

0.15

CP 2

58±1

467±1

51

254±1

359±0

0.15

CP 3

57±1

467±8

50

253±4

359±5

0.16

CP 4

62±1

478±9

50

260±1

366±6

0.15

CP 5

62±2

470±2

49

254±3

361±1

0.16

CP 6

64±1

467±8

49

251±6

362±2

0.16

'For first 35 hours of digestion
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3.3.3

Volatile Sulfur Compounds (VSCs) Control

3.3.3.1

Dissolved Sulfide (S2~) Removal
H2O2 and iron salt can react with dissolved sulfide via a number of different pathways to

form ferric sulfide, elemental sulfur and sulfates (ASCE, 1995; Walton et ah, 2003). The effect
of pretreatments on dissolved sulfide concentrations is shown in Figure 3.1. As expected, after
mechanical pretreatment, dissolved sulfide concentration remained same. Addition of low
chemical dosage of CP 1 decreased the dissolved sulfide concentration by 10%. With increasing
chemical dosage, dissolved sulfide concentration decreased exponentially, and 66% reduction in
dissolved sulfide was achieved at a chemical dosage of CP 6. Addition of CP 1 dosage increased
sulfate concentration by 10%, and 59% increase in sulfate concentration was observed for
chemical dosage of CP 6.
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Figure 3.1: Impact of pretreatment on dissolved sulfide and sulfate concentration.
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The increase in sulfate concentration also corresponds to the reduced dissolved sulfide
concentration in sulfur balance before anaerobic digestion, as discussed later. Addition of
different dosages of chemicals has shown a significant impact on dissolved sulfide reduction.
Dissolved sulfide is not odorous, but dissolved sulfide partitions from sludge into the biogas as
odorous and corrosive H2 S. Therefore, a reduction in dissolved sulfide can decrease the H2S
generation potential of sludge during anaerobic digestion.
3.3.3.2

H2S Control in Biogas
H2S concentration (ppm) in biogas was monitored on a regular basis for all BMP assays.

The cumulative H2S production with digestion time is shown in Figure 3.2. For all combined
pretreatment conditions, H2S concentrations in biogas were significantly lower than the control
and mechanically pretreated samples. However, for mechanically pretreated sludge average H2S
production in biogas was 20% lower than that of the control. The reason for this observation may
be the VSS destruction achieved due to the mechanical pretreatment; VSS destruction has an
impact on odor removal (Verma et al., 2006). The reduction in bound protein could be another
reason for this observation, as bound protein has been identified as responsible for H2S and
mercaptan generation. It was interesting to observe that although high chemical dosages have
significantly decreased dissolved sulfide concentration after pretreatment, H2S production in
biogas was almost same for all combined pretreatment conditions.
Statistical analysis of H2S concentrations in the biogas with digestion time data using
ANOVA and LSD also showed that both mechanical and combined pretreatments were
significantly different from the control at 95% confidence interval. Furthermore, differences
between mechanical pretreatment on one hand, and each of the combined pretreatments were
significant at the 95% confidence level. However, there was no significant difference among
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different combined pretreatment conditions, potentially due to microbial sulfate reduction.
Addition of higher chemical dosages increased the dissolved sulfate (SO 42') concentrations along
with dissolved sulfide (S2') reduction before anaerobic digestion. During anaerobic digestion, the
sulfate-reducing bacteria (SRB) can reduce the dissolved sulfate to sulfides. The sulfide
produced by the microbial sulfate reduction is distributed between H 2 S, HS‘, and S ' in the
aqueous phase. The dissolved sulfide can also partition in the biogas as H2 S. After 30 days of
batch anaerobic digestion, sulfate concentrations in all BMP assays were negligible (Table 3.5).
The theoretical COD requirements of 2.3 to 3.3 mg to reduce the sulfate in BMP assays were
negligible compared to the total amount of COD added in each BMP assays.

Figure 3.2: Cumulative H2 S production with digestion time.
Based on the experimental results of sulfur compounds (sulfate, dissolved sulfide, and
H2 S in biogas) the inorganic sulfur balance was closed for all BMP assays (Table 3.5). The
sulfate and dissolved sulfide concentration of the anaerobic seed were 5 and 15 mg/L,
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respectively.

Small differences in total sulfur balance before anaerobic digestion are probably

due to the formation of ferrous sulfide and colloidal sulfur, which were not considered in the
sulfur balance. In combined pretreatment, the increase in chemical dosages from CP 1 did not
yield any further improvement for H2S control in biogas due to the microbial sulfate reduction.
However, all combined pretreatment produced significantly lower amount of H2S compared to
both the control and mechanical pretreatment, the lowest chemical dosage of CP 1 can be
considered as an optimum for H2S control in biogas.

Table 3.5: Inorganic Sulfur Balance for BMP Assays.
Set

Before Anaerobic Digestion

After Anaerobic Digestion

S042'-S

S2'-S

Total-S

s o 42'- s

S2'-S

H2S

Total-S

(mmol)

(mmol)

(mmol)

(mmol)

(mmol)

(mmol)

(mmol)

Control

0.14±0

0.51±0

0.65±0

0 .0 1 ± 0

0.47±0

0.175

0.65±0

MP

0.14±0

0.51±0

0.65±0

-

0.50±0

0.140

0.64±0

CP 1

0.16±0

0.48±0.01

0.64±0.01

-

0.55±0.01

0.098

0.62±0.01

CP 2

0.16±0

0.47±0

0.63±0

-

0.52±0.01

0.097

0.62±0.01

CP 3

0.15±0

0.45±0

0.60±0

-

0.51±0.02

0.094

0.60±0.02

CP 4

0.17±0.01

0.42±0

0.59±0.01

0 .0 1 ± 0

0.46±0.01

0 .1 1 0

0.57±0.01

CP 5

0.19±0.01

0.36±0.02

0.55±0.04

-

0.45±0.01

0.103

0.55±0.01

CP 6

0 .2 1 ± 0

0.31±0.02

0.52±0.02

0.44±0

0.099

0.54±0

48

3.3.3.3

Mercaptans Control
In this study, methyl mercaptan (MT) and dimethyl sulfide (DMS) generation potential of

the digested sludges was investigated. The methyl mercaptan concentration in raw untreated
sludge was

6

ppm, and after digestion the methyl mercaptan of digested sludge is shown in Table

3.6. DMS concentration in the raw untreated sludge before anaerobic digestion was 0.04 ppm,
but decreased to below the detection limit of the gas chromatograph for all digested samples.
There may be several reasons for lower mercaptan concentrations in the pretreated digested
sludge: (i) higher VSS reduction for pretreated sludge, after 30 days of anaerobic digestion, VSS
concentrations in all BMP assays containing pretreated samples were on average 14% less than
the control (VSS of 5720±20 mg/L), (ii) lower concentration of odor precursors such as bound
protein, (iii) lower dissolved sulfide concentrations in all pretreated samples. However, it was
difficult to determine which factor plays more important role in reducing mercaptan
concentration as the mechanically pretreated sludge which has shown lower H2 S concentration in
biogas compared to the control sample, had similar dissolved sulfide concentration to that of
control.
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Table 3.6: Methyl Mercaptan and EPS Concentrations for the Digested Sludges.
Set

Methyl
Mercaptan

Protein Fractions

Lipid
(mg/L)

(ppm)

3.3.4

Cell

Bound

Soluble

(mg/L)

(mg/L)

(mg/L)

Control

1.75

128±20

517±24

273±5

57±2

MP

0.75

79±10

414±2

241±7

49±1

CP 1

0.75

68±21

420±8

246±2

47±5

CP 2

0.5

63±10

404±40

241±23

47±3

CP 3

0.5

71±12

410±15

227±2

45±3

CP 4

0.75

66±13

397±4

259±6

47±3

CP 5

Not Detectable

80±6

428±9

225±10

42±2

CP 6

0.70

78±3

414±30

250±6

40±8

Impact on Dewaterability
The time-to-filter (TTF) provides a quantitative measurement of how quickly sludge

can release its water. For the control, the TTF value was 290±28 sec. The decrease in TTF values
for the pretreated samples compared to the control is shown in Figure 3.3. The time required to
dewater the pretreated digested samples was 14%-23% lower than the control sample. However,
there was no significant difference among the pretreated samples. The results suggest that the
pretreated digested sludge will be easy to dewater compared to raw untreated digested sludge.
Dewaterability of sludge is closely related to the extracellular polymeric substances (EPS) such
as proteins, lipids, carbohydrates etc. bound to the sludge floes. Different literatures have
reported that the presence of more EPS can make the sludge more difficult to dewater (Yin et al.,
2004; Neyens and Baeyens, 2003). At the end of BMP test, the digested sludge samples were
analyzed for the proteins and lipid concentrations (Table 3.6). The proteins and lipid
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concentrations were significantly lower for all pretreated digested samples compared to the
control. The results of this study suggest that the reduction of EPS (cell protein and lipid) due to
the pretreatments might be the reason behind the improved dewaterability in TTF test.

Figure 3.3: Decrease in TTF values for pretreated samples compared to Control.

3.4

Conclusions
Although different chemical dosages did not show any further impact on sludge

solubilization and biogas production compared to mechanical pretreatment alone, they have
significantly decreased dissolved sulfide concentration before anaerobic digestion. For CP 1
condition dissolved sulfide (S2‘) and H2S in biogas decreased by

66%

and 46%, respectively.

Mechanical pretreatment also decreased daily average H2 S in biogas by 20%. Sludge
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Solubilization achieved due to the mechanical pretreatment has increased biogas production by
8-10%. All pretreatments have shown significant improvement in dewaterability and reduction in
methyl mercaptan generation potential in digested sludge.
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Chapter 4
Techno-economic Evaluation of Sono-Thermal Pretreatment for Enhanced
Anaerobic Digestion of Municipal Waste Activated Sludge

4.1

2

Introduction
Biological treatment of wastewater produces a huge amount of waste activated sludge

(WAS). Although anaerobic digestion is a widely accepted and popular sludge stabilization
process, conventional anaerobic digestion still has some challenges. Anaerobic digestion of
WAS is difficult compared to primary sludge due to the rate-limiting hydrolysis step, as WAS is
composed of diverse groups of microorganisms, organic and inorganic compounds agglomerated
together in a polymeric network formed by extracellular polymeric substances (EPSs) such as
proteins, carbohydrates, lipids and volatile fatty acids (Eskicioglu et al., 2006; Pavlostathis and
Gosset, 1986). Studies have shown that EPSs are the most important parameter that influences
the hydrolysis step, and breaking the EPS network prior to anaerobic digestion can enhance the
anaerobic biodegrability as well as the dewaterability of digested sludge (Park et ah, 2004;
Neyens and Baeyens et ah, 2003). Dewatering is an important step prior to sludge disposal
process as it reduces the sludge volume by removing water. Waste activated sludge is difficult to
dewater (Xuan et ah, 2004), and inefficient dewatering increases sludge disposal cost. The
quality of biogas is also of major concern, as volatile sulfur compounds (VSCs) such as
hydrogen sulfide (H2 S), and other organosulfur compounds (methyl mercaptan, dimethyl sulfide,
dimethyl disulfide etc.) in biogas may contribute to corrosion in combustion engines (Rasi et ah,
2007) and create unpleasant environment in wastewater treatment plants.
A version of this chapter has been submitted to Waste Management Journal for peer review and
publication.
2
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Various pre-treatment techniques including chemical, thermal, and mechanical methods
have been widely reported in the literature for waste activated sludge solubilization through cell
disruption and making organics such as protein, carbohydrate, volatile fatty acids available for
microbial consumption. Many studies were conducted on thermal pretreatment, ranging from 50
to 270°C, although the most common pre-treatment temperatures are between 50 and 180°C
(Appels et ah, 2010; Climent et ah, 2007). Temperatures above 200°C have been found
responsible for refractory or toxic compound formation such as dioxin (Stuckey and McCarty,
1984). Pre-treatment applied at temperatures below 100°C is considered as low temperature
thermal pre-treatment, which is shown to be effective in increasing biogas production in
anaerobic digestion (Climent et al., 2007; Gavala et al., 2003). While thermal pretreatments
have been conducted for various duration ranging from 15-60 minutes, treatment time appeared
to have less effect on anaerobic digestion compared to that of temperature (Li and Noike, 1992;
Valo et al., 2004).
Sonication in the >20-40 kHz range is a widely reported mechanical sludge hydrolysis
technique. Different studies were conducted on ultrasound pretreatment of WAS at specific
energies ranging from 1000 to 10,000 kJ kg’ 1 TS' 1 with increasing biogas production up to 40%
(Khanal et al., 2007), low ultrasound energy input has been identified as cost effective for
enhancing biogas production in anaerobic digestion (Aldin et al., 2010; Climent et al., 2007;
Elbeshbishy et al., 2011).
Although the effects of thermal and ultrasound pretreatment of sludge have been studied
extensively, no studies could be found combining these methods to enhance anaerobic digestion
of waste activated sludge based on the extensive literature search using databases such as
ScienceDirect, SciFinder, and Engineering Village and keywords of anaerobic digestion.
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pretreatment, waste activated sludge, low temperature, thermal, ultrasound, sono-thermal etc.
Moreover, earlier studies conducted on pretreatment mostly concentrated on the improvement of
solids reduction and biogas production, with very limited information available on the reduction
of various protein fractions and odorous and corrosive constituents such as VSCs in biogas, and
overall economic viability of the pretreatment process. This study attempts to systematically and
comprehensively evaluate the impact of combined sonication and thermal pretreatment on
anaerobic digestion of WAS. The impacts of different pretreatment conditions were evaluated in
terms of (a) sludge solubilization and different EPS release, (b) biogas production, (c) H2 S and
DMS concentrations in biogas, (d) dewaterability of digested sludge, and (e) a detailed economic
assessment based on bench scale experimental data.

4.2

Material and Methods

4.2.1

Waste Activated Sludge (WAS)
Waste activated sludge (WAS) samples for this study were collected from the Adelaide

Pollution Control Plant located in London, Ontario, Canada. After thickening, the sludge was
stored in a cold room at 4°C. The characteristics of the WAS were established before the
experiments and the average values of two duplicate measurements and the absolute differences
between mean and duplicate measurements are presented in Table 4.1.
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Table 4.1: Characteristics of WAS.

Parameter

Concentration (A±B)

TCOD (mg/L)

22500Ü050

SCOD (mg/L)

1400±60

TSS (mg/L)

20700±200

VSS (mg/L)

15500±450

Total VFA1 (as mg COD/1)

160±10

Total Protein (mg/L)

3300±60

Bound Protein (mg/L)

1300±15

Soluble Protein (mg/L)

110±10

Soluble Carbohydrate (mg/L)

100±10

Ammonia (mg/L)

90±5

Total Nitrogen (mg/L)

1200±60

Total Soluble Nitrogen (mg/L)

140±5

pH

6.9-7

Alkalinity (mg/L as CaCC^)

1300±75

'Summation of acetic acid, propionic, butyric, iso-butyric, valeric, and isovaleric acids
A=Arithmetic mean of duplicate measurement
B=Absolute difference between mean and duplicate measurement
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4.2.2

Pretreatment Experiments
A laboratory scale ultrasound generator (Model VCX-750, 750 W, 20 kHz, Sonic and

Materials, Connecticut, USA) was used for the ultrasound pretreatment (UP). Sludge was
pretreated at three different specific energy inputs 1000, 5000, and 10,000 kJ kg' 1 TSS'1. The
specific energy input (SE) is a function of ultrasonic power, ultrasonic duration, and volume of
sonicated sludge and TS concentration, and can be calculated using the following equation of
Bougrier et al. (2005):
SE =

Pxt

(4.1)

VxTSS

where S E is the specific energy input in kJ kg' 1 TSS'1, P is the ultrasonic power in kW, t
is the ultrasonic duration in seconds, V is the volume of sludge in litres, and TSS the total
suspended solids concentration in kg L'1.
For each experiment, 300 ml of sludge was sonicated in a beaker with continuous stirring
using a magnetic stirrer. The ultrasound probe (Model CV 33, 2.54 cm diameter, 5 cm length)
was immersed into the sludge at a depth of 3.8 cm. Sonication time of 1, 5, and 10 minutes
corresponds to specific energies of 1000, 5000, and 10000 kJ kg' 1 TSS'1, respectively. The
amplitude of ultrasound generator was set at

1 0 0 %,

and sonication pulses were set to

2

seconds

on and 2 seconds off to maintain the sludge temperature below 40°C during the experiments.
Thermal pretreatment (TP) was conducted at three different temperatures of 50±2, 70±2,
and 90±2°C. About 300 ml of sludge was introduced in a glass volumetric flask closed with a
rubber septum fitted with a temperature monitoring probe. The volumetric flask was placed on a
hot stirred plate (Corning Stirrer/Hot plate, Model PC-420, Corning Incorporated, USA), and
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heated at set temperature for 30 minutes. At the onset, pretreatment experiments were conducted
using either sonication or thermal pretreatment only. Subsequently, sono-thermal combined
pretreatment (CP) was conducted varying both sonication energy and temperature. Different
pretreatment conditions are summarized in Table 4.2.

All experiments were conducted in

duplicates. Differences between duplicate measurements were less than 10% for all parameters,
and hence average values are reported here.

4.2.3

Biochemical Methane Potential (BMP) Test
To assess the effect of different pretreatment conditions on anaerobic WAS

digestibility, the treated waste activated sludge was used for biochemical methane potential
(BMP) tests using 150 mL serum bottles. The volumes of WAS (substrate) and anaerobic seed
(of VSS 8000 mg/L) based on food (COD of substrate) to microorganism (VSS of anaerobic
seed) ratio (F/M) of

2

(mg of

C O D substrate/mg o f V S S anaerobic seed),

were 50 mL and 70 mL,

respectively. Anaerobic seed was collected from the anaerobic digester at the St. Marys
wastewater treatment plant, Ontario, Canada. For the control, untreated raw WAS (substrate) was
used with seed, whereas only seed and deionizd water were used for the blank BMP tests. After
purging with nitrogen, the serum bottles were sealed with rubber septa and agitated in the shaker
(MaxQ 4000, incubator and refrigerated shaker, Thermo Scientific, Fremont, CA) at 180 rpm, at
the mesophilic temperature of 37±1°C. The BMP test was conducted for about 28 days until the
biogas production stopped; produced biogas volume and methane compositions by a GC-TCD
were monitored on a regular basis.
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Table 4.2: Summary of Pretreatment Conditions.

Specific Energy Input

Set

( kJ k g ' TSS'1)

Thermal Pretreatment
Temperature (° C)

1

Control1

-

-

2

UP2 1

1000

-

3

UP 2

5000

-

4

UP 3

1 0 ,0 0 0

-

5

TP3 1

-

50

6

TP 2

-

70

7

TP 3

-

90

8

CP4 1

1000

50

9

CP 2

1000

70

10

CP 3

1000

90

11

CP 4

5000

50

12

CP 5

5000

70

13

CP

5000

90

14

CP 7

1 0 ,0 0 0

50

15

CP

8

1 0 ,0 0 0

70

16

CP 9

1 0 ,0 0 0

90

6

'Control= Raw untreated
Pretreatment

WAS; 2UP=Ultrasound Pretreatment; 3TP=Thermal Pretreatment; 4CP=Combined
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4.2.4

Analytical Methods
All water quality parameters were analyzed according to the Standard Methods (APHA,

1998). Soluble parameters were analyzed after filtering the sludge sample through 0.45 pm
membrane filters. HACH vials were used to measure chemical oxygen demand (COD), total
nitrogen (TN), soluble total nitrogen (STN), and ammonia. Soluble organic nitrogen was
calculated by subtracting the soluble inorganic nitrogen from the soluble total nitrogen.
Dewaterability of digested sludge was measured using the time-to-filter (TTF) method (Method
No. 2710 H, APHA, 1998). TTF is defined as the time required to filter 50% of the initial sludge
sample. A Buchner funnel was used to measure the time required to filter 30 mL of a 60 mL
sample through Whatman No. 1 filter paper (Cat No. 1001090, Whatman International Ltd.,
UK).
The concentrations of volatile fatty acids (VFAs) were analyzed using a gas
chromatograph (Model Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization
detector (FID) equipped with a fused silica column (30 m x 0.32 mm). Helium was used as the
carrier gas at a flow rate of 5 mL/min. The temperatures of the column and detector were 110
and 250°C, respectively. H2 S in biogas was measured using the Odalog (Model Odalog type I,
App-Tek International Pty Ltd, Brendale 4500, Australia) with a detection range of 0-1000 ppm.
DMS in the biogas was measured using gas chromatograph (GC 2010, Shimadzu) with flame
photometric detector (FPD) equipped with BPX-5 column (5% Phenyl Polysilphenylenesiloxane) type capillary column (30 m x 0.25 m i.d. x 0.25 /¿m thickness) obtained from SGE
(Austin, TX). Helium was used as the carrier gas at a flow rate of 4 mL/min. The temperatures of
the column and injection were 60 and 250°C, respectively. The temperature of FPD was 250°C.
The flow rates of hydrogen and air were 60 and 70 ml/min, respectively.
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Protein fractions were determined by micro-bicinchoninic acid protein assay (Pierce,
Rockford, USA). This method modified by Lowry et al. (1951), uses standard solution of bovine
serum albumin. The details of measurement of various protein fractions are provided by
Elbeshbishy et al. (2010). Cell protein was calculated from the difference between total and
bound protein. Soluble carbohydrate concentration was determined according to the phenolsulfuric acid method (Webb, 1985). For carbohydrate analysis, 0.1 ml test sample was placed in
a test tube followed by immediate addition of 0.1 ml 5% phenol and 4 ml concentrated sulfuric
acid. The absorbance of the sample was measured using a spectrophotometer (Varian Cary 50
UV-Vis) at 490 nm.

The biogas production was determined by using a gas syringe (Perfektum; Popper &
Sons Inc., NY, USA) in the headspace, equilibrated with the ambient pressure as recommended
by Owen et al. (1979). For biogas composition analysis, 0.5 ml sample was collected using 1 ml
syringe (Hamilton, Reno, Nevada, USA), and methane concentration was measured using SRI
310C Gas Chromatograph (Model 310, SRI Instruments, Torrance, CA)

equipped with a

molecular sieve column (Molesieve 5A, mesh 80/100, 182.88 x 0.3175 cm) and a thermal
conductivity detector (TCD). The temperatures of the column and the TCD detector were 90 and
105°C, respectively. Argon was used as carrier gas at a flow rate of 30 mL/min.
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4.3

Results and Discussions

4.3.1

COD Solubilization
Figure 4.1 shows the impact of different pretreatment conditions on COD solubilization.

After all pretreatments, total COD in the pretreated sludge remained almost constant. Due to the
ultrasound pretreatment, SCOD/TCOD ratio increased from 6 % to 11%, 19%, and 33% for the
three different specific energy inputs 1000, 5000, and 10,000 kJ kg' 1 TSS'1, respectively.
Thermal pretreatments at 50, 70 and 90°C increased the SCOD/TCOD ratio to 18%, 20%, and
37%, respectively. Clearly thermal pretreatment had a greater effect on sludge solubilization than
sonication since about the same amount of energy (1000-10,000 kJ kg' 1 TSS"1) was applied in
both pretreatments. In combined pretreatment using 1000 kJ kg' 1 TSS' 1 with three different
temperatures, SCOD/TCOD ratio increased to 25%, 30%, and 37% for CP 1, CP 2, and CP 3,
respectively, while pretreatments using CP 4, CP 5, and CP

6

increased the SCOD/TCOD ratio

to 30%, 30%, and 33%, respectively. Combined pretreatment using 10,000 kJ kg' 1 TSS' 1 specific
energy with thermal pretreatments increased the SCOD/TCOD ratio to 36%, 39%, and 39% for
CP 7, CP

8

and CP 9, respectively. As expected, all combined pretreatment conditions showed

significant impact on COD solubilization, and the combined effect is greater than the individual
pretreatment alone. Although, SCOD/TCOD ratio generally increased with increasing specific
energy and temperature in ultrasound and thermal pretreatment, respectively, COD solubilization
was almost similar for thermal pretreatment at 50 and 70°C, and ultrasound pretreatment at 5000
10,000 kJ kg"1 TSS' 1 specific energy. Thermal pretreatment of sonicated sludge has caused
further improvement in COD solubilization compared to only ultrasound pretreatment.
The impact of different pretreatment conditions on total VFA release is shown in Table
4.3. After ultrasound pretreatment, total VFA increased from 156 mg/L to 222, 243, and 276

66

mg/L for specific energy inputs 1000, 5000, and 10,000 kJ kg' 1 TSS'1, respectively. Thermal
pretreatment at 50, 70 and 90°C increased the total VFA from 156 mg/L to 181, 196, and 178
mg/L, respectively. In combined pretreatment, a maximum of 230% increase in total VFA
concentration was observed for CP 9 which also corresponded with the maximum VSS
reduction. In ultrasound pretreatment, total VFA increased with increasing specific energy, while
VFA solubilization was almost constant for thermal pretreatment at three different temperatures.

Figure 4.1: Impact of different pretreatments on SCOD/TCOD ratio.
The COD solubilization results observed in this study are comparable with the earlier
pretreatment studies reported in literatures. Comparing earlier thermal pretreatment studies of
Eskicioglu et al. (2006), and Ivo and Jing (2009) at 96°C and 50-70°C, respectively; a significant
increase in COD solubilization was obtained in our study. Eskicioglu et al. (2006) have reported
~3.6 times increase in SCOD for thermal pretreatment of thickened WAS using conventional
heating at 96°C with no further exposure to heating after reaching the set temperature. In this
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study, 30 minutes of holding time at 90°C increased the SCOD by ~5 times. Ivo and Jing, (2009)
have also reported increase in SCOD/TCOD ratio from 2% to 21% for thermal pretreatment of
dewatered sewage sludge ranging from 50-70°C. However, there was no further improvement in
COD solubilization for increasing thermal pretreatment temperature from 50 to 70°C. Therefore,
the difference between these studies is due to pretreatment time as well as the sludge
characteristics. Impact of different specific energy input on WAS was studied by Bougrier et al.
(2005) who reported increase in SCOD/TCOD ratio from 4% to 32% by increasing specific
energy input from 0 to 10,000 kJ kg' 1 TSS'1, while in our study the same specific energy input of
10,000 kJ kg"1 TSS' 1 increased the SCOD/TCOD ratio from 6 % to 33%.
4.3.2

Solids Reduction
Impact of different pretreatment conditions on volatile suspended solid (VSS) removal is

shown in Table 4.3. Due to the sludge disintegration through ultrasound pretreatment, VSS
decreased by 23%, 28%, and 30% for the three different specific energy inputs 1000, 5000, and
10,000kJ kg"1 TSS’1, respectively. The results indicate that increasing specific energy from 5000
to 10,000 kJ kg’ 1 TSS’ 1 did not produce significant improvement in VSS reduction. For different
thermal pretreatments, observed VSS reductions were 25%-27%. Although COD solubilization
increased with increasing temperature, VSS reduction did not show any significant change in the
pretreatment temperature range of 50-90°C. The significant increase in SCOD/TCOD ratio in
case of thermal pretreatment may be due to the solubilization of colloidal material (0.45/itn-l .2
gm), which was not measured separately in the study. Combined pretreatments using different
specific energies and temperatures have shown slight improvement in VSS reduction compared
to ultrasound and thermal pretreatment alone, and VSS reduction of 32%-36% occurred at
different pretreatment conditions.
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Table 4.3: Impact of different Pretreatments on VSS reduction, Ammonia, Soluble Total
Nitrogen, Soluble Carbohydrate, and Total VFA concentrations.
Set

Nitrogen

VSS

Soluble

Total VFA
(mg/L)

reduction

n h 4-n

st n

Carbohydrate

(%)

(mg/L)

(mg/L)

(mg/L)

Control

-

93

143

104

156

UP 1

23

156

228

272

222

UP 2

28

160

382

397

243

UP 3

30

232

746

863

276

TP 1

25

167

390

298

181

TP 2

26

195

491

379

196

TP 3

27

261

856

555

178

CP 1

32

268

674

468

258

CP 2

33

281

637

587

306

CP 3

34

274

699

589

300

CP 4

33

263

724

568

303

CP 5

36

277

712

680

300

CP

35

282

780

755

352

CP 7

34

270

806

1113

416

CP

8

33

271

814

1448

452

CP 9

36

275

813

1485

520

6
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4.3.3

EPS Release
It is hypothesized that an increase in SCOD/TCOD ratio due to pretreatment may

originate from the disruption of microbial cells of WAS, as well as the release of various EPS
such as carbohydrates, proteins etc. Due to the ultrasound pretreatment, soluble carbohydrate
linearly increased from 104 mg/L to 272, 397, 863 mg/L for specific energy inputs of 1000,
5000, and 10,000 kJ kg' 1 TSS'1, respectively. Thermal pretreatment increased soluble
carbohydrate to 298, 379, 555 mg/L at 50, 70 and 90°C pretreatment temperature, respectively.
In combined pretreatment, a maximum of ~14 times or 1400 % increase in soluble carbohydrate
observed for CP 9 (10,000kJ kg' 1 TSS' 1 + 90°C). These results indicate that soluble carbohydrate
increased with increasing specific energy and temperature in ultrasound and thermal
pretreatment, respectively. Thermal pretreatment of sonicated sludge also provided significant
improvement in carbohydrate solubilization for different combined pretreatment conditions.
Protein is the important building block of microbial cell, and protein content in sludge is usually
divided into three different fractions: cell, bound and soluble (Dimock and Morgenroth, 2006).
The cell protein represents the protein fraction inside the microbial cell, and the bound protein is
the loosely attached protein to the bacterial cell wall, while the soluble protein represents protein
in the aqueous phase. Total or particulate protein represents the combination of cell protein and
bound protein. Figure 2 shows the impact of pretreatment conditions on different protein
fractions. Protein is the important building block of microbial cell, and protein content in sludge
is usually divided into three different fractions: cell, bound and soluble (Dimock and
Morgenroth, 2006). The cell protein represents the protein fraction inside the microbial cell, and
the bound protein is the loosely attached protein to the bacterial cell wall, while the soluble
protein represents protein in the aqueous phase. Total or particulate protein represents the
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Figure 4.2: Impact of pretreatments on different protein fractions.
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Due to ultrasound pretreatment total protein decreased by 11%, 22%, and 30% for
specific energy inputs 1000, 5000, and 10,000kJ kg'1 TSS'1, respectively; while soluble protein
increased from 112 mg/L to 415, 748, and 968 mg/L, and bound protein decreased from 1312 to
1193, 1101, and 1082 mg/L, respectively. In thermal pretreatment, total protein reduction due to
solubiliation of protein was almost similar at three different temperatures, and the average total
and bound protein reduction were 18% and 28%, respectively; while soluble protein increased by
around 5 times.

Figure 4.3: Relationship between Cell protein concentrations and VSS (mg/L) reduction for
different pretreatment compared to the control.
Thermal pretreatments of sonicated sludge at 1000 kJ kg'1 TSS’1 specific energy input
decreased total protein and bound protein by an average of -24% and -31 %, respectively, while
soluble protein increased by an average -500%. Combined pretreatments from CP 4 to CP 5
decreased total protein and bound protein by average -31% and -35%, respectively; while
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soluble protein increased from 112 mg/L to 857 mg/L. Thermal pretreatments of sonicated
sludge at 10,000 kJ kg’1 TSS'1 specific energy input provided the maximum reduction in total
protein and bound protein by average -35% and -40%, respectively; while soluble protein
increased by around 10 times. Figure 4.3 shows that there was a significant correlation between
cell protein and VSS reduction (R =0.8071). The reduction in total (particulate) protein also
agrees well with the increase in soluble protein. Therefore, combined pretreatment produced
better results both in terms of bound protein reduction and increase in soluble protein
concentration.

4.3.4

Nitrogen solubilization
No nitrogen mineralization or volatilization was observed for any pretreatment

conditions, and TN remained almost constant. As shown in Table 4.3, STN increased for
different pretreatment conditions. STN increased with increasing specific energy and
temperature for both ultrasound and thermal pretreatments. For energy input of 10,000 kJ kg'1
TSS"1specific energy STN increased from 143 mg/L to 746 mg/L, while thermal pretreatment at
90°C increased STN to 856 mg/L. In combined pretreatment, STN concentration reached a fairly
constant level at CP 6 (5000 kJ kg'1TSS'*+ 90°C).
The concentrations of ammonia-nitrogen after different pretreatments are shown in Table
4.3. After ultrasound pretreatment, ammonia nitrogen concentration increased from 93 mg/L to
156, 160, and 232 mg/L for specific energy inputs 1000, 5000, and 10,000 kJ kg'1 TSS'1,
respectively. Thermal pretreatment at 50, 70 and 90°C temperatures increased ammonia-nitrogen
concentration to 167, 195, and 261 mg/L, respectively. For combined pretreatment, ammonia
concentrations in all pretreated samples were around 250 mg/L. As expected, due to the
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microbial cell hydrolysis during pretreatment soluble total nitrogen (mostly from soluble protein)
and ammonia significantly increased in aqueous phase compared to raw untreated sludge. For
ultrasound and thermal pretreatment, soluble total nitrogen and ammonia increased in aqueous
phase with increasing specific energy and temperature, respectively. In combined pretreatment,
ammonia solubilization was fairly constant; while the solubilization of STN followed the similar
trend of protein sloubilisation. In any case, increased ammonia concentration (250 mg/L) is
significantly lower than the typical ammonia inhibition limit (1600 mg/L) in anaerobic digestion.
All pretreatments resulted in significant soluble organic nitrogen release into the aqueous phase
compared to the control. Figure 4.4 shows the relationship between the soluble organic nitrogen
concentrations with the soluble protein concentration for different pretreatment conditions
(R2=0.8114). The results suggest that the reason behind observed nitrogen solubilization is the
hydrolysis of protein through different pretreatments.

Figure 4.4: Relationship between Soluble protein (mg/L) and soluble organic nitrogen (mg/L)
concentrations.
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4.3.5

Impact on Methane Potential
The results of

BM P

tests are shown in Table 4.4. Compared to the control ultrasound

pretreatment increased total cumulative and specific methane production by 15%, 20%, and 24%
for specific energy input 1000, 5000, and 10,000 kJ kg'1 TSS'1, respectively, while thermal
pretreatments have increased total methane production by 14%, 19%, and 13% for pretreatment
temperatures 50, 70 and 90°C, respectively. Combined pretreatments have shown greater
improvement in total methane production ranging from 17%-30%, with the maximum 30%
increase in biogas production observed for

CP

9 (10,000 kJ kg'1 TSS'1+ 90°C). The theoretical

methane yield at 37°C (390 ml CH4/gm of T C O D removed) also agrees well with observed yields
ranging from 339 to 375 CH4/gm of T C O D removed (results not shown), with the slight differences
attributed to biomass synthesis and experimental error.
After 28 days of BMP test all pretreated sludge samples produced higher amount of
methane compared to control. For thermal pretreatment, total methane produced for sludge
pretreated at 70°C was slightly higher than the sludge pretreated at 50° and 90°C. For ultrasound
pretreatment, almost same total methane volume was produced for both 5,000 and 10,000 kJ kg'1
TS'1 specific energy input. It is believed that the increase in SCOD due to the pretreatment
translates into additional biogas compared to control, although the increase in biogas production
observed for different pretreatments conducted in this study did not show any linear relationship
with the COD solubilization. Earlier, different studies have reported either limited or negative
impact on biogas production despite significant COD solubilization due to various pretreatment
methods due to the formation of refractory compounds (Eskicioglu et al., 2008). In our case,
ultrasound pretreatment was better than thermal pretreatment in terms of biogas production,
although better COD solubilization was achieved through thermal pretreatment compared to
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ultrasound pretreatment. Besides the formation of refractory compounds, another reason for
lower gas production could be the formation of agglomerates due to thermal pretreatment
(Bougrier et al., 2006), while sonication decreases particle size of sludge (Bougrier et al. 2006;
Aldin et al., 2010; Elbeshbishy et al., 2011). The optimum temperature for gas production has
been found to be around 60°-70°C, which agrees well with optimum pretreatment temperature
reported in the earlier studies (Hiroka et ah, 1985; Wang et al., 1997; Galava et al., 2003). In
case of ultrasonication, Bougrier et al. (2005) have reported no significant improvement in
methane production for increasing specific energy input from 6250 to 9350 kJ kg"1 TSS’1 for
WAS, while Elbeshbishy et al. (2011) reported a minimum of 500 kJ kg"1 TSS"1specific energy
input for 28% increase in biogas production for digestion of hog manure. Aldin et al. (2010) have
reported a linear increase in biogas production with specific energy input for primary sludge,
while for WAS no significant improvement in biogas production beyond 5000 kJ kg"1 TSS’1
Therefore, the increase in gas production for a specific sonication energy input or sonication time
depends on the type of sludge treated.
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Table 4.4: Summary of biogas production, VSCs removal in biogas, and TTF of digested sludge
for different pretreatments.
Specific CH4

Increase in

Mean CH4

Production

total CFI4

content

(ml CFLt/gm V S S

production

(%volume)

added)

(%)

Control

325

-

50

UP 1

374

15

UP 2

391

UP 3

Set

TTF

Average V SC s
Removal efficiency
(%)

DMS

(s-L/g TSS)

-

-

81

52

18

23

76

20

52

21

38

75

404

24

53

22

38

52

TP 1

370

14

50

34

40

48

TP 2

386

19

53

35

30

56

TP 3

368

13

53

34

59

54

CP 1

388

19

53

33

42

60

CP 2

386

19

53

34

53

51

CP 3

398

23

52

35

54

50

CP 4

420

29

55

33

52

56

CP 5

410

26

56

36

45

57

CP 6

406

25

55

38

56

55

CP 7

414

27

55

39

57

61

CP 8

410

26

56

41

57

59

CP 9

424

30

56

39

72

58

h
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4.3.6

VSC in Biogas
The average H2 S and DMS removal efficiency in biogas compared to the control are

shown in Table 4.4. For raw untreated sludge, the average H2 S and DMS concentrations in
biogas were 38±1, and 18±1 ppm, respectively. Ultrasound pretreatment at different specific
energy inputs and thermal pretreatment at different temperatures have shown average H2S
removal efficiency 20% and 34%, respectively; while combined pretreatments provided 33%41% H2 S removal in biogas. Ultrasound pretreatments have decreased DMS concentration in
biogas by an average of 23%, 38%, and 38% for 1000, 5000, and 10,000 kJ kg’1 TSS’1,
respectively; while for thermal pretreatments at different temperatures have decreased DMS
concentration in biogas by 40%-59%. In combined pretreatment, a maximum of 72% removal in
DMS was observed for pretreated sample combining 10,000 kJ kg'1 TSS'1 and thermal
pretreatment at 90°C. Although DMS removal for different pretreatment conditions did not show
any specific trend with increasing specific energy input and temperature, thermal pretreatment
has shown better DMS and H2 S removal compared to ultrasound pretreatment. In combined
pretreatment, thermal pretreatment of sonicated sludge resulted better improvement in DMS
removal compared to both ultrasound and thermal pretreatments. The removal in H2S and DMS
in biogas observed for pretreated sludge samples might be due to the reduction in both bound
protein and VSS. A recent study has shown that bound protein has an impact on H2S and other
organosulfur compounds generation (Higgins et ah, 2004).
Figure 4.5 shows that the bound protein concentrations reduction was significantly
correlated with the H2 S and DMS concentrations reduction compared to the control, and 100
(mg/L) bound protein concentration reduction decreased the H2 S and DMS concentration in
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biogas by 6 and 3 ppm, respectively. Verma et al. (2006) have also shown VSS reduction in
sludge has an impact on odor generation potential.

Figure 4.5: Relationship of VSC reduction (ppm) with bound protein concentrations.

Figure 4.6 shows that the reduction in VSS concentrations (g/L) is also significantly
correlated with VSCs reduction in biogas. However, H2 S reduction in biogas did not improve in
spite of slight improvement in VSS reduction observed in all combined pretreatments compared
to thermal and ultrasound pretreatment alone. In anaerobic digestion, different types of
mercaptans are produced from sulfur-containing proteins and methylation of sulfide (Higgins et
al., 2004). DMS can also convert to form methane and methyl mercaptan, subsequently forming
methane, carbon dioxide and additional hydrogen sulfide (Rasi et al., 2007). That might be a
reason behind the observation of no further improvement in H2 S reduction. Although all
pretreatments have shown significant impact on volatile sulphur compounds removal in biogas
compared to control, VSCs removal efficiency did not show any linear relationship with
increasing specific energy input and temperature. The detection threshold for H2 S and DMS are
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0.0005 and 0.001 ppm, respectively. And none of these technologies were able to reduce the H2 S
and DMS concentration under detection threshold (ASCE, 1995).

Figure 4.6: Relationship of VSC reduction (ppm) with VSS reduction (g/L).

4.3.7

Impact on Dewaterability
The TTF results for the digested sludges at the end of BMP test are shown in Table 4.4.

TTF values are normalized to TSS concentration of the digested sludge and expressed in units of
s-L/g TSS. The TTF values represent how quickly sludge releases its water. Ultrasound
pretreatments at 1000 and 5000 kJ kg'1 TSS'1 specific energy inputs have shown marginal
increase in dewaterability of digested sludge by decreasing TTF values by ~7%. However,
10,000 kJ kg'1TSS'1specific energy input has reduced the TTF value from 81 s-L/g TSS to 52 sL/g TSS. For thermal pretreatment at 50, 70 and 90°C TTF values were 48, 56, 54 s-L/g TSS,
respectively, which were lower than the ultrosnication TTF values. Typically, particle
agglomeration occurs in thermal pretreatment, while particle disintegration occurs for

80

ultrasonication. Different combined sono-thermal pretreatments did not improve the TTF values
significantly compared to thermal alone. However, all pretreated digested sludges have shown
lower TTF values compared to the control. The increase in dewaertbility might be due to the
EPSs release through different pretreatments. The trends of TTF results observed in this study
are in good agreement with the previous studies done on impact of thermal and ultrasound
pretreatment on the improvement of sludge dewaterability (Bougrier et al., 2007; Erdincler and
Vesilind, 2000). Bougrier et al. (2007) have reported -50% improvement in dewaterability in
digested sludge for thermal pretreatment at 135°C, while Erdincler and Vesilind (2000) have
reported marginal improvement (<10%) in dewaterability for 2 minutes sonication of biological
sludges.

4.3.8

Economic Assessment
As the cost of sludge management is around 50% of the total operating cost of the

wastewater treatment plant (Odegaard et al., 2004), the economic feasibility of a pretreatment
process is closely related to the enhancement in methane production as well as solid reductions.
Although pretreatments give additional benefits such as volatile sulfur compounds reduction in
biogas and improved sludge dewaterability, retrofitting pretreatment systems to the conventional
process adds extra operating cost. Therefore, an economic evaluation is required to establish the
feasibility of implementing a costly pretreatment process. Based on the experimental results
obtained in this work, an economic assessment was conducted per ton solids (TSS) treated in the
anaerobic digestion process. The dewatering, transportation and landfill costs, electricity and
natural gas costs used in economic analysis were $250/ton dry solids, $0.07/kWh and $0.28/m3,
respectively (Elbeshbishy et al., 2010). Operating electricity costs for ultrasound pretreatment
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have been calculated based on the specific energy input applied by the ultrasonic device. For
thermal pretreatment, net pretreatment cost is calculated from the difference of energy
requirement to heat the sludge and heat recovery from thermally pretreated sludge using heat
exchanger. Energy requirements to heat the sludge were calculated based on the following
equation (Zupancvicv and Ros, 2003):
Q s — P s i Vsi C pS ( t fjnai — t j njtjai)

( 4 .2 )

Where,
Qs = heat required to heat the sludge (kJ)
Qsi

= the density of sludge (kg/m )

Vsi = the volume of sludge treated in (m3)
Cps = the specific heat of sludge (kJ kg ^C"1) = 4.18 kJ kg'^C'1
tjnitiai =the initial temperature of sludge (°C)
tfinal =the final temperature of sludge (°C)
The assumptions for thermal pretreatment cost calculations were: i) initial sludge
temperature of 25°C, ii) 20% heat loss in thermal pretreatment equipment, iii) 80% heat recovery
from pretreated sludge. The amount of solids for dewatering and landfill is calculated based on
the total solid removal achieved due to the pretreatment and batch anaerobic digestion (BMP
test). H2 S removal cost from biogas was calculated based on the biogas purification cost reported
by Mckinsey Zicari (2003) using a nonregenerable KOH-AC bed (USFilter-Westates). Cost per
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unit of biogas purification and cost of adsorbent per unit of H2 S removed are $ 0.0005/mJ biogas
and $ 12/kg H2 S, respectively.
Table 4.5 shows the economic assessment results for different pretreatment processes
compared to the conventional process or control. Although all pretreatments significantly
improved biogas production and solid reduction compared to the control, among 15 pretreatment
conditions 7 are economically feasible. Ultrasound pretreatment is economically feasible only at
specific energy input 1000 kJ kg'1 TSS'1 with net saving of $54/ton dry solid, while all thermal
pretreatments at different temperatures (50-90°C) are economically feasible compared to the
control with net saving of $45-78/ton dry solid. Sono-thermal pretreatments are feasible for
combination of specific energy input 1000 kJ k g 1TSS'1 with different thermal pretreatment
temperatures (50-90°C) with net saving of $44-66/ton dry solid. Along with H2S removal cost,
the volatile sulfur compounds reduction in biogas can give a long term economical benefit
through increasing the engine life by decreasing the corrosion rate. Besides, improvement in
dewaterabilty of digested sludge can give additional economical benefits by reducing the
dewatering cost.

However, these factors are not considered in the economical assessment.

Based on the economic evaluation compared to conventional anaerobic digestion the relative
ranking of economically feasible pretreatment process is: TP 1 (thermal at 50°C)> TP 2(thermal
at 70°C)> CP 1(thermal at 50°C+ultrasound at 1000 kJ kg'1TSS'')>UP 1(ultrasound at 1000 kJ
kg'1TSS'')>CP 2(thermal at 70°C+ultrasound at 1000 kJ kg'1TSS'’)>TP 3(thermal at 90°C)>CP3
(thermal at 90°C+ultrasound at 1000 kJ kg'1 TSS'1). These processes achieved saving of $4478/ton dry solid compared to the control.
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Table 4.5: Economie Assessment for Different Pretreatment Process Compared to Control.

Set

Pretreatment
cost23($)

Increase in
CH4

production
( $)

Saving
Dewatering,
Net saving
in H2S
transportation and
compared
removal _____landfill cost______ to the
cost
Amount
Decrease control4
($)
of Solid3
in cost
($)
_________(Ton)
($)_________
0.54
55
54
11

1

UP 1

20

8

2

UP 2

98

10

11

0.51

63

-14

3

UP 3

196

12

12

0.52

60

-112

4

TP 1

24

7

42

0.55

53

78

5

TP 2

43

9

46

0.54

55

67

6

TP 3

62

7

45

0.54

55

45

7

CP 1

44

10

40

0.52

60

66

8

CP 2

63

9

42

0.51

63

51

9

CP 3

82

11

42

0.47

73

44

10

CP 4

122

14

28

0.51

63

-17

11

CP 5

141

13

44

0.48

70

-14

12

CP 6

160

12

49

0.45

78

-21

13

CP 7

220

14

46

0.46

75

-85

14

CP 8

239

13

54

0.43

83

-89

15

CP 9

258

15

46

0.42

85

-112

1All results are shown for per ton solid treatment compared to the control.
2 Energy input cost for different pretreatment process.
3 Amount of solid after pretreatment and anaerobic digestion.
4 Net Saving Compared to Control= Increase in Methane ($) + Reduction in H2S removal cost+ Reduction in
dewatering, transportation and landfill cost ($) - Pretreatment cost ($)
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4.4

Conclusions
Ultrasound, thermal and sono-thermal pretreatments can reduce the VSS in raw WAS by

22-31%, 25-39%, and 29-38%, respectively along with significant improvement in COD
solubilization and various EPS release. Sono-thermal pretreatment combining specific energy
input of 10,000 kJ kg'1 TSS'1 and 90°C thermal pretreatment has significantly increased total
methane by 30%, and decreased H2 S and DMS in biogas by 39%, and 72%, respectively. Based
on the economic analysis, the most cost effective pretreatment was TP 1 (thermal pretreatment at
50°C) which achieved a saving of $78/ton dry solids relative to anaerobic digestion without
pretreatment.
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Chapter 5
Impact of Thermo-Oxidative Pretreatment on Volatile Sulfur Compounds in
Continuous Anaerobic Digestion of Waste Activated Sludge3

5.1

Introduction
Biological treatment of wastewater produces significant quantities of sludge. Sludge

processing and management costs around 50%-60% of the overall wastewater treatment costs
(Odegaard, 2004). Although anaerobic digestion of municipal sludge is a widely accepted sludge
stabilization process, conventional anaerobic digestion has several limitations. Anaerobic
digestion of waste activated sludge (WAS) is difficult compared to primary sludge due to the
rate-limiting hydrolysis step (Pavlostathis and Gosset, 1986). Besides, the presence of various
volatile sulfur compounds (VSCs) such as hydrogen sulfide (H2 S), and other organosulfur
compounds (methyl mercaptan, dimethyl sulfide, dimethyl disulfide etc.) in biogas may
contribute to corrosion in combustion engines (Rasi et al., 2007) and generate harmful emissions.
Additionally, malodor originating from sludge digestion is a nuisance for people working in the
wastewater plant.
Various pretreatment techniques such as chemical, mechanical, thermal pretreatments have
been used to enhance the hydrolysis rate through sludge solubilization, subsequently improving
the anaerobic digestion process. Although many studies were conducted on thermal pretreatment,
ranging from 50 to 270°C, pretreatment applied at temperatures below 100°C is considered as
low temperature thermal pre-treatment, which is shown to be effective in increasing biogas
production in anaerobic digestion (Climent et al., 2007; Gavala et al., 2003). Hydrogen peroxide

3A version of this chapter has been submitted to Chemical Engineering Journal for peer review
and publication.
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is easier to implement as a pretreatment technique compared to other technologies such as
ultrasound, ozone etc. However, pretreatment using hydrogen peroxide has received less
attention (Neyens et al., 2003; Cacho et ah, 2006). Hydrogen peroxide can also act as a corrosion
controller by oxidizing H2 S which form highly corrosive sulfuric acid. However, H2O2 oxidation
alone is not effective for high concentrations of certain refractory contaminants due to the low
reaction rates at reasonable H2O2 concentrations. Different types of catalysts such as transition
metal salts (e.g. iron salts), thermal, and ozone can be used to catalyze the activity of H2O2
(Neyens et ah, 2003; Eskicioglu et ah, 2008). Although the combination of H2O2 and iron salts
(also known as Fenton’s reagent) has shown significant positive impact on sludge solubulisition
as well as anaerobic digestion (Erden and Filibeli, 2010), the wastewater to be treated must be
acidic (pH 3-5), and therefore, the pH of pretreated wastewater must be adjusted to the optimum
pH of 6 .5-7.5 before anaerobic digestion. Although Cacho et ah (2006) have reported that the use
of H2O2 oxidation in low temperature thermal pretreatment can enhance the overall solids
reduction performance in anaerobic digestion. Eskicioglu et ah (2008) have reported that thermo
oxidative treatment using higher H2O2 dosages (>0.5g ^C V g TSS) may decrease the methane
production rate due to the formation of refractory compounds. Although these aforementioned
studies confirmed the potential of thermo-oxidative pretreatment as an effective pretreatment
technique for anaerobic digestion, they used high uneconomical oxidant dosages. Based on the
extensive literature search using databases such as ScienceDirect, SciFinder, and Engineering
Village and keywords of anaerobic digestion, thermo-oxidative pretreatment, waste activated
sludge, sulfide, volatile sulfur compounds etc., no studies could be found on the impact of
thermo-oxidative pretreatment on volatile sulfur compounds in anaerobic digestion. A study by
Dhar et ah (2011) have demonstrated that using 0.6 mg H2O2+ I .5 mg FeC^/mg S ' (1 fig
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H2 O2 + 3 fig FeC^/mg VSS) with mechanical pretreatment has a significant potential of volatile
sulfur compounds removal in biogas

without making any negative impact on methane

production.
In addition, most of the earlier thermo-oxidative studies reported in the literature mostly
concentrated on the improvement of solids reduction and biogas production, with very limited
information available on the reduction of VSCs in biogas. Therefore, the objective of this study
is to evaluate the impact of thermo-oxidative pretreatment combining low temperature thermal
pretreatment at 60°C in presence of hydrogen peroxide and ferrous chloride (0.6 mg H2O2+ I .5
mg FeCf/mg S ') on various volatile sulfur compounds removal in continuous flow anaerobic
digestion. Specifically, the impacts of different pretreatment conditions are evaluated in terms of
(a) sludge solubilization, (b) biogas production, (c) H2 S, MT and DMS removal in biogas, (d)
solids removal and digested sludge quality. Furthermore, a model has been developed and
calibrated using BioWinL<>3.0 (EnviroSim Associates Ltd., Flamborough, Ontario, Canada) to
simulate the impact of thermo-oxidative pretreatment on enhanced anaerobic digestion at steady
state.

5.2
5.2.1

Material and Methods
Thermo-oxidative Pretreatment
Waste activated sludge (WAS) samples for this study were collected from the Adelaide

Pollution Control Plant located in London, Ontario, Canada. After thickening, the sludge was
stored in a cold room at 4°C. Pretreatment of sludge was conducted using conventional heating at
60±2°C with H2O2 and FeCf. The dosages used were based on theoretical requirement of the
chemical dosages for 100% dissolved sulfide (S2‘) removal in raw untreated sludge. The
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theoretical requirements of H2O2 and FeCh to remove 1 mg dissolved sulfide (S ') are 0.6 mg
and 1.5 mg, respectively (Walton et al., 2003). Hydrogen peroxide was added as 50 wt% H2O2
(HX0630-1, EMD Chemicals Inc., Germany), and iron was added as iron (II) chloride (98%
purity. Sigma Aldrich, Oakville, ON, Canada). About 300 ml of sludge was introduced in a
glass volumetric flask closed with a rubber septum fitted with a temperature monitoring probe.
The volumetric flask was placed on a hot stirred plate (Corning Stirrer/Hot plate, Model PC-420,
Corning Incorporated, USA), and heated at the set temperature for 30 minutes. The average
characteristics of the raw and pretreated WAS are presented in Table 5.1.
5.2.2

Anaerobic Digestion
Continuous anaerobic digestion of sludge was carried out using two identical completely

mixed anaerobic bioreactors (10 L), with a working volume of 7.5 L and a solid retention time
(SRT) of 10 days, and maintained at constant mesophilic temperature of 37±1 °C. During start
up the digesters were initially seeded with 7.5 L of anaerobicaly-digested sludge collected from
the Guelph wastewater treatment plant (Guelph, Ontario, Canada). Before starting the
comparative study with pretreated sludge, both reactors were fed with raw WAS for 2 weeks in
order to enrich micro-organisms as well as to confirm the performance of both reactors. Then,
the reactors were separately fed with raw and pretreated WAS. Detailed analysis of both liquid
and gas samples commenced after steady-state conditions were reached, approximately after
three turnovers of the mean SRT. Meanwhile, methane composition, pH, alkalinity of both
reactors were measured twice a week in order to ensure proper functioning of reactors.
5.2.3

Analytical Methods
Samples were analyzed for total suspended solids (TSS), volatile suspended solids (VSS)

according to the Standard Methods (APHA, 1998). Soluble parameters were analyzed after
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filtering the sludge sample through 0.45 pm membrane filters (Sterile membrane filter, Cat. No.
7141104, Whatman Limited, England). HACH vials were used to measure chemical oxygen
demand (COD), total nitrogen (TN), soluble total nitrogen (STN), Nitrate (NO3'), Nitrite (NO2")
and ammonia (NH4-N). Total Kjeldahl Nitrogen (TKN) was calculated from total nitrogen,
nitrate and nitrite (TKN=TN-N0 3 '-N0 2 ’)- As residual H2O2 interferes with the COD
measurement (Kang et al., 1999), residual hydrogen peroxide concentrations were measured
using Quantofix peroxide test strips (Sigma Aldrich Canada, C9322) to ensure the accuracy of
the COD measurement. The concentrations of volatile fatty acids (VFAs) were analyzed using a
gas chromatograph (Model Varian 8500, Varian Inc., Toronto, Canada) with a flame ionization
detector (FID) equipped with a fused silica column (30 m x 0.32 mm). Helium was used as the
carrier gas at a flow rate of 5 mL/min. The temperatures of the column and detector were 110
and 250°C, respectively. Total dissolved sulfide (S2‘) was analyzed by the iodometric titration
method (APHA, 1998), and dissolved sulfate (SO42’) was analyzed using ion chromatograph
(Model Dionex ICS-3000). H2S in biogas was measured using the Odalog (Model Odalog type I,
App-Tek International Pty Ltd, Brendale 4500, Australia) with a detection range of 0-1000 ppm.
Methyl mercaptan was measured in biogas using Gastec gas sampling pump (Model GV-100,
GASTEC Corporation, Japan) and Gastec detector tubes (No. 70L, measuring range 0.1-8 ppm).
The DMS in gas sample was measured using a gas chromatograph (GC 2010, Shimadzu) with
flame photometric detector (FPD) equipped with BPX-5 column (5% Phenyl Polysilphenylenesiloxane) type capillary column (30 m x 0.25 m i.d. x 0.25 um thickness, SGE, Austin, TX,
USA). Helium was used as the carrier gas at a flow rate of 4 mL/min. The temperatures of the
column and injection were 60 and 250°C, respectively. The temperature of FPD was 250°C. The
flow rates of hydrogen and air were 60 and 70 ml/min respectively. Methane composition in
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biogas was analyzed using SRI 3IOC Gas Chromatograph (Model 310, SRI Instruments,
Torrance, CA) equipped with a molecular sieve column (Molesieve 5A, mesh 80/100, 182.88 x
0.3175 cm) and a thermal conductivity detector (TCD). The temperatures of the column and the
TCD detector were 90 and 105°C, respectively. Argon was used as carrier gas at a flow rate of
30 mL/min.
Proteins were determined by micro-bicinchoninic acid protein assay (Pierce, Rockford,
USA). This method modified by Lowry et al. (1951), uses standard solution of bovine serum
albumin. In this study, various protein fractions (particulate, bound and soluble) have been
analyzed, as protein is one of the major precursors for volatile sulfur compounds generation. In
order to measure various protein fractions, 50 mL samples were centrifuged at 10000 rpm for 15
minutes at 5°C to separate the solids in the sludge. The supernatant was filtered through a 1.5 pm
glass microfiber filter and the filtrate was analyzed for the soluble protein fraction. Total protein
and bound protein fractions were extracted from the suspended solids by using 1 N NaOH
solution and phosphate buffer (pH 8 , 50 mM), respectively. The solution was mixed using a
magnetic stirrer at 1500 rpm for 10 minutes and 30 minutes for bound and total protein,
respectively, and then centrifuged at 10000 rpm for 15 minutes at 5°C, with the centrate filtered
through a 1.5 pm glass microfiber filter, prior to protein analysis. Carbohydrate concentration
was determined by the colorimetric method (Dubois et al., 1956). The absorbance of the sample
was measured using a spectrophotometer (Varian Cary 50 UV-Vis) at 490 nm.
5.2.4

Statistical Analysis
In order to determine if the experimental results for both digesters were significantly

different, the student t-test was used to test the null (no difference) hypothesis of quality at a 95%
confidence level.
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5.3

Results & Discussions

5.3.1

Sludge Solubilization
The impact of thermo-oxidative pretreatment on various WAS characteristics are shown

in Table 5.1. After pretreatment TCOD remained almost constant compared to the raw untreated
WAS (Control). As expected, the thermo-oxidative pretreatment led to sludge solubilization; and
after pretreatment SCOD significantly increased from 1448±109 mg/L to 3615±164 mg/L due to
the release of various extracellular polymeric substances (EPSs) such as carbohydrates, proteins
etc. following microbial cell disruption. Compared to raw WAS, the TSS and VSS in pretreated
sludge decreased by on average of 10% and 15%, respectively. After pretreatment, the total
volatile fatty acid (TVFA) in pretreated sludge was 17% higher than the raw WAS.
Protein content in sludge is usually divided into three different fractions: cell, bound and
soluble (Dimock and Morgenroth, 2006). The cell protein represents the protein fraction inside
the microbial cell, and the bound protein is the loosely attached protein to the microbial cell wall
which has been identified for VSCs production (Higgins et al., 2004), while the soluble protein
represents the protein fraction available in the aqueous phase. Total or particulate protein
represents the combination of cell protein and bound protein. As shown in Table 5.1, thermo
oxidative pretreatment had significant impact on protein solubilization. Compared to the raw
untreated sludge, particulate protein and bound protein decreased by on average of 26% and
38%, respectively in the pretreated sludge; while the average soluble protein concentration in
pretreated sludge was 2.7 times higher than the raw sludge. The results suggest that along with
protein solubilization, thermo-oxidative pretreatment can decrease the odor generation potential
of sludge by reducing bound protein prior to the anaerobic digestion. After pretreatment, total
(particulate) carbohydrate in pretreated sludge decreased by average 18%; while soluble
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carbohydrate increased by almost 3 times compared to the raw untreated sludge. These results
suggest that the thermo-oxidative pretreatment has significantly released the EPSs through the
solubilization of sludge. About 679 mg/L of protein released from particulate fraction of sludge
to the liquid phase (from 2644±275 mg/L to 1965±216 mg/L), and the soluble protein
concentration increased by 776 mg/L (from 453±103 mg/L to 1229±166 mg/L). After
pretreatment, the total carbohydrate concentration decreased by ~300mg/L (from 1733±249
mg/L to 1426±110 mg/L), while the soluble carbohydrate concentration increased by 256 mg/L
(from 108±24 mg/L to 364±58 mg/L). Therefore, the reduction in total protein and total
carbohydrate also agrees well with the increase in soluble protein and soluble carbohydrate,
respectively.
The TKN remained almost constant after pretreatment; while STKN slightly increased
from 700±15 mg/L to 756±19 mg/L. No ammonia (NH4-N) solubilization was observed after
pretreatment. However, this trend was previously observed in other studies (Cacho et al., 2006;
Eskicioglu et al., 2008).

97

Table 5.1: Characteristics of Raw and Pretreated WAS.
Parameter

Raw WAS

Pretreated WAS

TCOD (mg/L)

21328±897

20881±722

SCOD (mg/L)

1448±109

3615±164

TSS (mg/L)

18253±714

16418±752

VSS (mg/L)

13237±609

11132±381

TVFA 1 (mg COD/L)

360±20

420±25

Ammonia (mg/L)

143±10

134±17

TKN (mg/L)

1130±43

1209±125

STKN (mg/L)

700±15

756±19

Particulate protein (mg/L)

2644±275

1965±216

Bound protein (mg/L)

828±60

516±128

Soluble Protein (mg/L)

453±103

1229±166

Total carbohydrate (mg/L)

1733±249

1426±110

Soluble Carbohydrate (mg/L)

108±24

364±58

pH

7.1±0.1

6.9±0.1

'Summation of acetic acid, propionic, butyric, iso-butyric, and valeric acids
Note. Values represent average ¿standard deviation of 12 samples
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5.3.2

Impact on Anaerobic Digestion

5.3.2.1

Methane Production
Table 5.2 summarizes the steady state methane production for the control and pretreated

feed digesters. As expected, compared to the control digester, a significant increase of 20% in
methane production rate to 3.1 L CH 4/L was observed for the digester fed with pretreated sludge
(Table 5.2). Methane produced per gram of COD removed provides a good measurement on
COD closure in the digester. As shown in Table 5.2, the values obtained for both reactors are
close to the theoretical value of 0.4 L CFLt/g C O D rem0ved at 37°C. The average methane contents
in biogas were 63% and

66%

for control and pretreated feed digesters, respectively. The results

indicate that the pretreatment did not have significant impact on the methane content in biogas.

Table 5.2: Summary of Methane Production Results.
Performance Parameter

Control

Pretreated

Methane Production Rate (L CHfi/day)

2 .6 ± 0 . 2

3.U0.15

Methane Production (L CH4/L sludge treated -day)

3.4

4.1

Methane Yield (ml CFfi/g TCOD removed)

420

413

Average CH4 in Biogas (Vol. %)

63

66

5.3.2.2

COD & Solids Removal
Figure 5.1 shows the steady state COD removal efficiency for both digesters. The

average TCOD concentrations in influent was almost the same for both digesters, while the
SCOD was ~2.5 times higher in pretreated sludge compared to the raw untreated WAS.
Compared to the control digester, a slight enhancement in TCOD removal was observed for the
digester processing the pretreated sludge, and the TCOD removal efficiency for control and
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pretreated feed digesters were 38% and 45%, respectively. During anaerobic digestion, the
SCOD concentrations decreased from 1448±109 mg/L to 630±27 and from 3615±164 mg/L to
926±84 mg/L for the control and the test digester, respectively. Compared to the control digester
a significant increase in SCOD concentration removal observed for pretreated feed digester, and
the SCOD removal efficiency for control and pretreated feed digesters were 56% and 74%,
respectively.
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Figure 5.1: COD removal efficiency for raw and pretreated feed digesters

Figure 5.2 shows the suspended solids removal efficiencies for both digesters and the
overall suspended solids removal efficiency achieved due to the thermo-oxidative pretreatment
and digestion. Although prior to the anaerobic digestion the thermo-oxidative pretreatment has
significantly reduced the TSS and VSS concentrations compared to the raw WAS; steady state
TSS and VSS removal efficiency during anaerobic digestion for both reactors were almost same.
At 10-days SRT, the VSS removal efficiencies for the control and test digester were 40% and
42%, respectively. However, compared to the digestion of raw WAS the overall TSS and VSS
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removal in the test digester (including pretreatment) increased by

10%

and

1 1 %,

respectively.

The TSS and VSS concentrations in raw WAS were 18253±714 mg/L and 13237±609 mg/L,
respectively; while the effluent TSS and VSS concentrations for the test digester were
11300±630 mg/L and 6500±350 mg/L, respectively. The lack of improvement in suspended
solids reduction during digestion due to the pretreatment suggests that the thermo-oxidative
pretreatment did not improve the biodegrability of particulate matters. Cacho et al. (2006) have
also reported no improvement in VSS removal during continuous anaerobic digestion (5 days
SRT) of excess municipal sludge using thermal pretreatment at 65°C at different H2O2 dosages
varying from 0.1 to 0.5 g LbCVg VSS, and the enhancement in suspended solids removal
occurred during the pretreatment only; for few cases the VSS removal efficiency was slightly
lower compared to the control.
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Figure 5.2: Solids removal efficiency.

101

5.3.2.3

Digested Sludge Quality
Figure 5.3 shows the proteins and carbohydrates concentrations in influent and digested

sludges for both digesters. For the control digester, the particulate protein, bound protein, and
total carbohydrate removal efficiencies due to digestion were

6 8 %,

62%, and 39%, respectively;

while overall removal efficiencies achieved with pretreatment and digestion were 75%,

6 6 %,

and

52%, respectively. The results suggest that there was no enhancement in final degradation of
bound protein after digestion of both raw and pretreated sludge. Due to the pretreatment, the
soluble protein and soluble carbohydrate concentrations in pretreated sludge were significantly
higher than the raw WAS. After digestion, the soluble protein concentrations decreased from
453±103 mg/L to 181±58 mg/L and from 1229±166 mg/L to 396±76 mg/L for the control and
the pretreated feed digester, respectively; while soluble carbohydrate concentrations decreased
from 108±24 mg/L to 55±9 mg/L and from 364±58 mg/L to 80±26 mg/L for the control and the
pretreated feed digester, respectively.
In digested sludge, the TKN and STKN concentrations were slightly lower than expected
(Figure 5.4). For the control digester, the effluent TKN and STKN concentrations were 930±80
mg/L and 650±20 mg/L, respectively; while for the pretreated feed digester the TKN and STKN
concentrations were 965±72 mg/L and 620±24 mg/L, respectively. As discussed later (section
5.3.4), the BioWin simulation results suggest that the observed TKN reduction were due to the
stripping of ammonia from the liquid phase to the headspace of the digesters. The effluent
ammonia concentrations for the control and the pretreated feed digesters were 740±33 and
781±47 mg/L, respectively. For both digesters, the effluent ammonia concentrations increased
with solids reduction. The TVFA removal efficiencies for the control and the pretreated feed

102

digester were 51% and 55%, respectively; and the effluent TVFA concentrations for the control

Concentration (mg/L)

and the pretreated feed digesters were 165±23 and 170±11 mg/L (Figure 5.4).

Figure 5.3: Proteins and Carbohydrates concentrations for Control and Pretreated Feed
Digester.
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Figure 5.4: Nitrogen and VFA concentrations for Control and Pretreated Feed Digester.
103

5.3.3

Volatile Sulfur Compounds (VSCs) Removal
The dissolved sulfate and sulfide were analyzed before and after pretreatment to assess

the impact of pretreatment on dissolved sulfur compounds (Figure 5.5). Dissolved sulfide is not
odorous, but dissolved sulfide can partition from sludge into the biogas as H2 S. Therefore, a
reduction in dissolved sulfide loading can reduce the H2 S generation potential of sludge during
anaerobic digestion. H2O2 and FeCf can react with dissolved sulfide via a number of different
pathways. The following reactions are possible (ASCE, 1995; Walton et al., 2003):
H2S + FeCl2 -> FeS^ + 2HC1

(5.1)

H2 S+H2O2 ->S+2H20

(5.2)

H2 S+4H20 2 —>-S042' +2FI20

(5.3)

2FeS + 3H20 2->2S+2 Fe (OH) 3

(5.4)

Flowever, the reaction pathways at elevated temperature due to the thermal
pretreatment are still unknown. As shown in Figure 5.5, after thermo-oxidative pretreatment the
dissolved sulfide concentration decreased from 80 mg/L to 65 mg/L, while dissolved sulfate
concentration remained almost constant. Therefore, the result suggests that the sulfide might be
converted to ferrous sulfide (FeS) or colloidal sulfur. Compared to the raw WAS, 19% removal
in dissolved sulfide was observed due to thermo-oxidative preteratment, and the oxidant might
react with other compounds in sludge during the pretreatment. During pretreatment, the H2S
concentration was also monitored in the headspace of pretreatment flask, and no stripping of
sulfides was observed. As shown in Figure 5.5, no increase in dissolved sulfate concentration
was observed after pretreatment. The dissolved sulfide concentrations in digested sludge were 56
and 65 mg/L for the control and the test digester, respectively. The very low sulfate removal
(< 1 0 % for both digesters) during anaerobic digestion indicates the low numbers of sulfate
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reducing bacteria (SRB) in the anaerobic digesters. The statistical paired student t-test was used
to evaluate the differences in dissolved sulfate and sulfide concentrations for both digesters. The
dissolved sulfide concentration for pretreated feed digester was significantly different from the
control digester, while there was no significant difference in sulfate concentrations at the 95%
confidence level.

S042-influent

S042-effluent

S2-influent

S2-effluent

Figure 5.5: Dissolved Sulfate and Sulfide concentrations.

Various volatile sulfur compounds are produced in biogas through the degradation of
inorganic and organic sulfur compounds. In this study, for both digesters the concentrations of
three major VSCs (H2 S, MT and DMS) were regularly monitored in the biogas. The average
H2 S, MT and DMS concentrations for control digester were 15, 4 and 0.16 ppm, respectively. As
expected, a significant decrease in VSCs concentrations observed for the pretreated feed
digester; and the HtS, DMS and MT concentrations in biogas decreased by on average 75%,
40% and 10% compared to the control digester, respectively (Figure 5.6).
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Figure 5.6: Average Volatile Sulfur Compounds (VSCs) removal in biogas compared to control.

The major source of inorganic sulfur in sludge is dissolved sulfate and sulfide. As no
additional sulfate formation was observed after pretreatment, and the dissolved sulfide might
convert into colloidal sulfur. As shown in Table 5.3, the dissolved sulfate and sulfide removal
efficiencies were same for both digesters. Therefore, the results suggest that the H2 S removal
observed for pretreated feed digester was due to the reduction of dissolved sulfide through
thermo-oxidative pretreatment before digestion. The reduction in VSS could be another reason
for this observation, as different studies have shown that VSS destruction has an impact on odor
removal (Choi et al., 1997; Verma et ah, 2006). However, different types of organo sulfur
compounds or mercaptans are produced from sulfur-containing bound proteins and methylation
of sulfide (Higgins et ah, 2004). The results indicate that the reason behind the reduction in
mercaptans in biogas might be due to the reduction in bound protein. The statistical-paired
student t-test have shown that compared to the control digester, the H2 S and DMS removal
efficiencies in biogas were statistically significant at the 95% confidence level, and MT removal
efficiency was insignificant at 95% confidence level. The biological conversion of DMS to
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methane and MT (Rasi et al., 2007) may explain the insignificant differences in MT
concentrations in biogas between control and test digester. Based on the steady state
experimental results of sulfur compounds (sulfate, dissolved sulfide, and H2 S in biogas) the
inorganic sulfur mass balance closed reasonably well for both digesters (Table 5.3). Total
inorganic sulfur exiting the digesters were 89% and 87% of the influent for the control and test
digester, suggesting a loss of about 10% through the formation of sulfur. However, the small
differences in total sulfur for raw and pretreated sludge before anaerobic digestion are due to the
formation of ferrous sulfide and colloidal sulfur, which were not considered in the sulfur balance.
Addition of oxidants during thermal pretreatment has shown a significant impact on dissolved
sulfide reduction as well as H2 S and DMS concentrations in biogas.

Table 5.3: Steady State Inorganic Sulfur Balance.
Sulfur (mmol)

Control Digester

Pretreated Feed Digester

SO4

0.265

0.281

S "Seffluent

1.875

1.640

Total-Sjn

2.14

1.92

SO4

0.250

0.258

1.64

1.406

H ^ S -S u io g a s

0.005

0.001

Total-Sout

1.895

1.665

S

"Sjnfluent

-Seffluent

- S effluent
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5.3.4

BioWin Simulation Results
To simulate the performance of the two anaerobic digetsers, a process model using

BioWin®3.0 (EnviroSim Associates Ltd., Flamborough, Ontario, Canada) was developed and
calibrated based on the influent characteristics of sludge. The experimental results for the control
and pretreated feed digesters were modeled. It must be asserted that, BioWin does not predict the
VSCs produced during anaerobic digestion. Table 5.4 summarizes the model output for the
calibration runs. It is noteworthy that all kinetic and stoichiometric parameters for both runs were
kept at the default values except for the hydrolysis rate that was increased from 0 . 1 1 /day to
0.15/day. As shown in Table 5.5, the total nitrogen balance based on the simulation results
confirmed the TKN removal observed during digestion due to the stripping of nitrogen to biogas
as ammonia. As shown in Table 5.4, the effluent characteristics were mostly in the range of
measured average and standard deviations for both raw and pretreated sludges. It is thus evident
that the model default kinetic and stoichiometric parameters fit the data very well, and the effect
of pretreatment was only significant on the hydrolysis rate.
Furthermore, the calibrated BioWin model was used to simulate the performance of both
digesters in terms of VSS destruction efficiency and methane production rate at different SRTs
ranging from 3 to 30 days. As shown in Figure 5.7, the simulated VSS destruction efficiencies
for both digesters were almost same at different SRTs. The simulation result shows that the
increases in overall VSS removal efficiencies with pretreatment were 11-16% higher compared
to the control at different SRTs. Thermo-oxidative pretreatment allows to decrease the digester
SRT from 20 days to

8

days to maintain the same overall VSS reduction (50%) with enhanced

methane production. Figure 5.8 shows the simulated methane production rate (L CH4/day) at
different SRTs. The model predicted a maximum of 75% increase in methane production rate
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compared to the control at 5 days SRT, and also showed that the increase in methane production
rate compared to the control in higher at shorter SRTs (3-5 days), and become less than 15% at
higher SRTs (>20 days).
The simulation results clearly indicate that the thermo-oxidative pretreatment does not
increase the digestibility of particulate matters during anaerobic digestion, and the increase in
overall VSS reduction with digestion and pretreatment achieved is mainly due to the
pretreatment. However, a significant enhancement in methane production is achievable due to
the solubilization of organic matters as well as the increase in hydrolysis rate through
pretreatment. The simulation results suggest that the achieved VSS destruction efficiency and
improvement in methane production due to pretreatment tends to diminish with increasing SRT.
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Table 5.4: Measured and simulated data using Biowin.

Pretreated

Untreated
Parameter

Measured

Modeled

Measured

Modeled

Influent

Effluent

Influent

Effluent

Influent

Effluent

Influent

Effluent

VSS (mg/L)

13237±609

8000±620

15039

9226

11132±381

6500±350

12132

7118

TSS (mg/L)

18253±714

12800±350

20061

14287

16418±752

11300±630

17534

12566

SCOD (mg/L)

1448Ü09

630±27

1650

703

3615Ü64

926±84

3600

1046

TCOD (mg/L)

21328±897

13134±320

21330

12054

2088U722

10800±200

20881

9841

STKN (mg/L)

700±15

650±20

721

638

756±19

620±24

809

688

TKN (mg/L)

1130±43

930±80

1128

991

1209Ü25

965±72

1200

991

pH

7.1±0.1

7.5±0.15

7.1

7.3

6.9±0.1

7.6±0.15

7.1

7.4

VF A (mg/L)

360±20

175±23

360

188

420±25

170±11

420

188

Ammonia (mg/L)

143±10

635±33

143

609

140±17

670±47

143

658

VSSdest (%)
CFI4 production rate (L/d)

40

39

42

41

2 .6 ± 0 . 2

2.7

3.Ü0.15

3.2

Table 5.5: Total nitrogen balance.
Total nitrogen mass rate (g/day)
Influent
Biogas
Effluent
Measured

Modeled

Modeled

Measured

Modeled

Control

0.84±0.03

0 .8 6

0 .1 1

0.70±0.06

0.74

Pretreated Feed Digester

0.91±0.09

0.91

0.17

0.72±0.05

0.74

Figure 5.7: Simulated VSS destruction at different SRTs.
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Figure 5.8: Simulated methane production rate at different SRTs.

5.4

Conclusions

Based on the experimental results and simulation, the following conclusions can be drawn:
■ Due to pretreatment, the SCOD increased by 2.5 times in pretreated sludge compared to
raw WAS along with a significant solubilization of EPSs (protein and carbohydrate),
accompanied by a 10% and 15% decrease in TSS and VSS, respectively. However,
during digestion suspended solids removal efficiencies for both digesters were almost the
same, and the overall TSS and VSS destruction efficiencies with pretreatment and
digestion were 10% and 11% higher than the control. Compared to the control, the
methane production rate for pretreated feed digester increased by 20% along with a slight
increase in average methane content in biogas from 63% to 66% (vol.).
■ For the pretreated feed digester, the H2S, DMS and MT concentrations in biogas
decreased by 75%, 40%, and 10% compared to the control digester, respectively. While
112

30

the observed differences in H2 S and DMS between the control and test digesters were
statistically significant at the 95% confidence level, the MT concentrations were not
statistically significant.
■ The methane production rate and VSS removal efficiency predicted by the BioWin model
were in good agreement with the observed experimental results, and the results also
suggest that compared to the control the pretreatment substantially increased the
hydrolysis rate by 36% to 0.15/day. The calibrated model also confirmed that thermo
oxidative pretreatment did not have further impact on solids reduction during anaerobic
digestion despite higher methane production, and the retrofitting of thermo-oxidative
pretreatment prior to anaerobic digestion will be more beneficial at shorter SRTs.
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Chapter 6
Conclusions
6.1

Summary of Results
Different pretreatment technologies investigated in this thesis have shown significant

impact on volatile sulfur compounds removal in anaerobic digestion of waste activated sludge
due to the removal of various odor precursors such as dissolved sulfide, bound protein etc. This
section will summarize the major findings of this research in terms of volatile sulfur compounds
control and enhanced anaerobic digestion.
6.1.1 Volatile Sulfur Compounds Control
Mechanical pretreatment through sludge depressurization from 75±2 psi to atmospheric
pressure has decreased the H2 S concentration in biogas by on average -20%, while addition of
different chemical dosages (H202+FeCl2) with mechanical pretreatment provided additional
removal of H2S in biogas by 37%-46% compared to control. However, increasing the chemical
dosages from the theoretical requirement (0.6 mg of H2O2+ I .5 mg of FeCl2/ mg dissolved S2') to
remove 100% dissolved sulfide did not show any further significant improvement due to the
microbial sulfate reduction. Therefore, 0.6 mg of H20 2+1.5 mg of FeCl2/ mg dissolved S2'was
the optimum chemical dosage for H2S removal from biogas, as increasing chemical dosages did
not improve the sulfide removal efficiency due to the microbial sulfate reduction.
In a comparative study among thermal (at 50, 60, and 90°C), ultrasound (at SE 1000,
5000, and 10000 kJ kg'1 TSS"1) and sono-thermal pretreatment (thermal + ultrasound), reduction
in bound protein and VSS reduction have shown a significant relationship with volatile sulfur
compounds (H2S and DMS) removal in biogas. Although combined sono-thermal pretreatments
significantly improved the DMS removal efficiency (up to -70%) compared to the thermal and
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the ultrasound pretreatment alone, no further improvement in H2 S removal observed. Besides,
VSCs removal efficiency did not show any linear relationship with increasing specific energy
input and temperature. Thermal pretreatment was better than ultrasound pretreatment in terms of
volatile sulfur compounds removal from the biogas.
The addition of hydrogen peroxide and iron salt (0.6 mg of H2O2+ I .5 mg of FeCV mg
dissolved S2') in thermal pretreatment at 60°C have shown significant removal in volatile sulfur
compounds from biogas for continuous anaerobic digestion operated at 10 days SRT; and
compared to the control digester, the H2 S and DMS removal efficiencies were 70% and 40%,
respectively. However, MT removal efficiency was not significantly different from the control.
None of these pretreatment technologies were able to provide volatile sulfur
compounds removal below the detection threshold limit. Therefore, biogas purification will be
needed to remove the volatile sulfur compounds for further utilization of biogas.
6.1.2

Enhanced Anaerobic Digestion
Mechanical pretreatment through sludge depressurization from 75±2 psi to atmospheric

pressure has shown a marginal impact (8%-10% increase) on biogas production compared to raw
untreated sludge, while the addition of different chemical dosages in the combined pretreatment
did not show any further impact on sludge solubilization as well as biogas production beyond
that observed by mechanical preteratment.
The increasing specific energy input from 5000 kJ kg'1 TSS'1to 10000 kJ kg'1TSS"1did
not show any further impact on sludge solubilization or biogas production, while there was no
significant difference in biogas production among three different thermal pretreatment
temperatures (50-90°C). Sono-thermal pretreatments have shown slight improvement in VSS
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reduction (29-38% removal) and methane production (19-30% increase) compared to ultrasound
and thermal pretreatments alone.
The thermo-oxidative pretreatment prior to anaerobic digestion has significantly
improved the daily methane production rate by 20% for continuous anaerobic digester operated
at 10 days SRT.
Although different pretreatments have shown significant impact on biogas production
enhancement compared to the control, the improvements in biogas production for different
pretreatment techniques did not show any linear relationship with sludge solubilization.
6.2

Recommendations
Based on the results of this research, following recommendations are proposed for further

studies:
■ Impact of different pretreatment on the activity of sulfate reducing bacteria (SRB) should
be investigated.
■ The laboratory-scale mechanical sludge pretreatment system should be operated at higher
pressures (>75psi) to achieve significant sludge solubilization and biogas production.
■ The thermo-oxidative pretreatment system should be applied at higher temperature
simultaneously with higher oxidant dosages at larger SRTs (>10 days) to enhance solids
reduction.
■ The relationship between SRTs and VSCs removal efficiency in biogas should be
investigated.
■ The odor generation potential of dewatered sludge cakes should be investigated for
different pretreatment conditions.
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Appendix A
Calibration Curves

Energy (KJ)

A.l: Ultrasound energy as a function of sonication time.

Absorbance

A.2: Calibration curve for protein.
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Area

A.3: Calibration curve for DMS

Absorbance

A.4: Calibration curve for carbohydrate.
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A.5: Calibration curve for sulfate
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Appendix B
Photographs of Experimental Set-up
B.l Thermal Pretreatment

B.2 Ultrasound Pretreatment

B.3 Laboratory Scale Mechanical Sludge Pretreatment System
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B.4 Biochemical Methane Potential (BMP) Test.

B.5 Continuous Anaerobic Digestion.
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Appendix C
Kinetic Parameters used for BioWin Simulation

C.l

Kinetic Parameters used for BioWin Calibration (Control Digester)

Heterotrophic (Control Digester)
Parameter
Default
Max. spec, growth rate [1/d]
3.2
Substrate half sat. [mg COD/L]
5
Anoxic growth factor [-]
0.5
Aerobic decay [1/d]
0.62
Anoxic/anaerobic decay [1/d]
0.3
Hydrolysis rate (AS) [1/d]
2.1
Hydrolysis half sat. (AS) [-]
0.06
Anoxic hydrolysis factor [-]
0.28
Anaerobic hydrolysis factor [-]
0.5
Adsorption rate of colloids [L/(mg COD d)]
0.8
Ammonification rate [L/(mg N d)]
0.04
Assimilative nitrate/nitrite reduction rate [1/d]
0.5
Fermentation rate [1/d]
3.2
Fermentation half sat. [mg COD/L]
5
Anaerobic growth factor (AS) [-]
0.125
Hydrolysis rate (AD) [1/d]
0.1
Hydrolysis half sat. (AD) [mg COD/L]
0.15
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Value Arrhenius
3.2
1.029
5
1
0.5
1
0.62
1.029
0.3
1.029
2.1
1.029
0.06
1
0.28
1
0.5
1
0.8
1.029
0.04
1.029
0.5
1
3.2
1.029
5
i
;§
0.125 i
0.1
1.05
0.15
1

C.2

Kinetic Parameters used for BioWin Calibration (Pretreated Feed Digester)
Heterotrophic (Pretreated Feed Digester)
Name
Default Value Arrhenius
Max. spec, growth rate [1/d]
3.2
3.2
1.029
Substrate half sat. [mg COD/L]
5
5
1
Anoxic growth factor [-]
0.5
0.5
1
Aerobic decay [1/d]
0.62
0.62
1.029
Anoxic/anaerobic decay [1/d]
0.3
0.3
1.029
Hydrolysis rate (AS) [1/d]
2.1
2.1
1.029
Hydrolysis half sat. (AS) [-]
0.06
0.06
1
Anoxic hydrolysis factor [-]
0.28
0.28
1
Anaerobic hydrolysis factor [-]
0.5
0.5
1
Adsorption rate of colloids [L/(mg COD d)]
0.8
0.8
1.029
Ammonification rate [L/(mg N d)]
0.04
0.04
1.029
Assimilative nitrate/nitrite reduction rate [1/d]
0.5
0.5
1
Fermentation rate [1/d]
3.2
3.2
1.029
Fermentation half sat. [mg COD/L]
5
5
1
Anaerobic growth factor (AS) [-]
0.125
0.125 1
Hydrolysis rate (AD) [1/d]
0.1
0.15
1.05
Hydrolysis half sat. (AD) [mg COD/L]
0.15
0.15
1
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